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ABSTRACT
Author: Zhan, Ross R. PhD
Institution: Purdue University
Degree Received: December 2017
Title: Cloning and Characterization of the Maize Lesion Mimic Mutant les23 and its Suppressor
slm1
Major Professor: Gurmukh S. Johal
Plants are under constant threat from various pathogens and have evolved a two-branched
immune system to defend themselves. One aspect of plant defense involves the hypersensitive
response (HR) which is characterized by localized cell death to prevent the spread of the
pathogen. Lesion mimic mutants are a ubiquitous class of plant mutants that spontaneously
develop lesions resembling HR. However, not all lesion mimic mutants have been found to
encode genes involved in defense. les23 is a recessive lesion mimic mutant in maize that can be
suppressed by the Mo20W allele of Slm1 (Suppressor of lesion mimics 1). Both QTLs have been
mapped to chromosome 2, but the underlying genes have not been identified. Here, we
demonstrate that the les23 mutant is indeed undergoing a defense response by analyzing
transcriptome changes using RNA-seq. We also report the cloning of Les23 and Slm1 and found
that they encode for a maize homolog of Arabidopsis RIN4 and an uncharacterized NLR
resistance gene respectively. Transient expression of LES23 and SLM1 in Nicotiana
benthamiana revealed that SLM1 is an autoactive NLR that requires LES23 to keep it quiescent.
This model is similar to Arabidopsis RIN4/RPS2.
Analyzing SLM1 found that it encodes a canonical NLR with all the typical domains and
motifs. Despite Slm1 encoding for a NLR, it is unknown what effector(s) it recognizes.
Sequencing Slm1 in the NAM founders found that it is not a highly conserved gene with several
lines encoding for truncated, non-functional alleles. Thus, Slm1 may no longer be needed as a
resistance gene against a certain pathogen.
Finally, we describe the identification of a homeolog of Les23, Les23-like 1 (Ltl1) that is
capable of suppressing SLM1-mediated cell death in N. benthamiana.
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CHAPTER 1: LITERATURE REVIEW

Introduction
Plants are under constant threat from pathogens, which can cause crop losses of up to
30% (Jones et al. 2016). In order to defend themselves, plants have external barriers such as the
cuticle and cell walls as well as a two-tiered immune system (Jones & Dangl 2006; Chisholm et
al. 2006). While many fungal pathogens can breach the cuticle, bacterial pathogens cannot
directly penetrate the epidermis (Bigeard et al. 2015). If a pathogen bypasses a plant’s external
defenses it will encounter the first line of a plant’s immune system. This involves recognition of
pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns
(DAMPs) by pattern recognition receptors (PRRs) (Bigeard et al. 2015). If detected, PAMPs will
initiate PAMP-triggered immunity (PTI). One of the most well studied PAMPs is flagellin, a
component of bacterial flagella (Jones & Dangl 2006; Chisholm et al. 2006), of which, a 22
amino acid peptide known as flg22, is recognized by FLS2, a receptor-like kinase (RLK) with an
extracellular LRR domain and an intracellular serine/threonine kinase domain (Gómez-Gómez &
Boller 2000). FLS2 activates a MAPK (mitogen activated protein kinase) pathway which
promotes transcription of WRKY29 and FRK1 (FLG22 induced receptor-like kinase 1), which,
in turn, promote transcription of defense genes such as PR1 (pathogenesis related protein 1)
(Bigeard et al. 2015; Asai et al. 2002). In addition to defense gene expression, PTI also induces
the closure of stomata within one hour of detection of flg22 to prevent bacteria from entering the
intercellular space (Melotto et al. 2006). PTI also induces callose deposition via PMR4 (Powdery
Mildew Resistant 4) to prevent pathogen penetration (Ellinger et al. 2013).
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Plants’ passive barriers to entry and PTI are enough to prevent most pathogens from
infecting any one species. Thus, successful pathogens have evolved ways to circumvent PTI by
secreting effector proteins. These effector proteins can interfere with basal defenses of the plant
and PTI responses by inhibiting downstream signaling pathways (M. G. Kim et al. 2005). For
example, stomata can be re-opened by bacteria containing the effector coronatine (Melotto et al.
2006). Effectors can also reduce callose deposition in response to flg22 (M. G. Kim et al. 2005).
Together, these effects result in effector-triggered susceptibility (ETS). Plants thus utilize a
second level of defense to recognize effector proteins by deploying Resistance (R) genes (Jones
& Dangl 2006). Recognition of effector proteins by R proteins results in ROS (reactive oxygen
species) burst, transcriptional reprogramming, phytohormone production (Cui et al. 2015). The
most visually obvious effect is the hypersensitive response (HR), characterized by localized cell
death which prevents pathogen spread. Together, these responses have been termed effectortriggered immunity (ETI) (Jones & Dangl 2006; Chisholm et al. 2006; Li et al. 2015).
NLR Structure
Many R genes are in the NLR (Nucleotide-binding leucine rich repeat) class of proteins. Plants
vary greatly in the number of NLRs encoded in their genome from only a few dozen in moss to
over a thousand in wheat (Jones et al. 2016; Baggs et al. 2017). The number of NLRs generally
correlate with the genome size, but maize appears to be an exception as it contains fewer NLRs
(151) than expected given its genome size (Song et al. 2015; Baggs et al. 2017). Because NLRs
play an important role in ETI, many studies have looked at NLR structure. Most R proteins
contain three domains: a N-terminal coiled-coil (CC) or Toll interleukin receptor (TIR) domain,
a nucleotide-binding, Apaf-1, R protein, and CED-4 (NB-ARC) domain, and a C-terminal
leucine rich repeat (LRR) domain. Monocots were believed to lack TIR-domain-containing R
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genes (Li et al. 2015), but a recent study has identified four TIR-NBS-LRR R genes in maize
(Song et al. 2015). The N-terminal CC or TIR domains are involved in oligomerization of some
R genes, forming homodimers or heterodimers (Maekawa et al. 2011; Williams et al. 2014;
Césari et al. 2014). For some TIR R genes, such as the tobacco N gene and Arabidopsis RPP1, it
has been shown that oligomerization occurs upon recognition of an effector (Mestre &
Baulcombe 2006; Schreiber et al. 2016). While oligomerization in the presence of an effector has
not been demonstrated in CC R genes, oligomerization of CC R genes has been observed in the
absence of effectors in RPS5 from Arabidopsis (Ade et al. 2007), MLA10 from barley (Maekawa
et al. 2011), Rp1 from maize (Wang, Ji, et al. 2015), and Sr33 and Sr50 from wheat (Cesari et al.
2016). CC/TIR domains can be involved in direct recognition of effectors in certain R genes such
as tobacco N and potato RB (Burch-Smith et al. 2007; Chen et al. 2012). Most CC domains
contain a highly conserved EDVID motif which has been shown to be important for the binding
of the CC domain to the NBS-LRR domains and function in Rx from potato (Rairdan et al.
2008).
Studies of the CC domain from MLA10, Rx, and Sr33 revealed two different crystal
structures. MLA10 resolved as a rod-like dimer with each monomer containing a helix-loophelix (Maekawa et al. 2011), while Rx and Sr33 resolved as monomers which were more
compact in structure, and containing 4 helices (Hao et al. 2013; Casey et al. 2016). This was
surprising as Sr33 is an ortholog of MLA10 and as such, has much greater sequence identity with
MLA10 than with Rx (Casey et al. 2016) and therefore raised the question of whether different
CC domains have different folding patterns. However, Casey et al. used scattering techniques to
show that MLA10 in monomeric in solution and looked like Rx and Sr33 CC crystal structures
(Casey et al. 2016). There is a possibility that both crystal structures could be correct if the
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MLA10 dimer represents an active form of the CC domain while the Rx/Sr33 monomer
represents an inactive state (El Kasmi & Nishimura 2016). It was found that the complete CC
domain comprising of amino acids 1-160 of Sr33, Sr50, and MLA10 were capable of initiating
cell death in the absence of effectors and that this cell death induction depended on dimerization
(Cesari et al. 2016). In contrast, truncated CC domains consisting of amino acids 1-120 did not
self-associate or cause cell death. Further analysis found that certain amino acid residues
between 120-144 are critical for dimerization and cell death induction (Cesari et al. 2016). Other
studies have found that the TIR domain alone is not sufficient to initiate cell death when
transiently expressed for RPS4 (Swiderski et al. 2009) and RPP1 (Schreiber et al. 2016) but will
cause cell death with the addition of 45 amino acids at the C-terminus of the TIR domain of
RPS4 and the addition of 93 amino acids at the N-terminus and 32 amino acids at the C-terminus
of the TIR domain of RPP1.
The NB-ARC domain consists of three subdomains: NB, ARC1, and ARC2 (Albrecht &
Takken 2006). These subdomains contain several conserved motifs which are critical to proper
NLR function: kinase-1a/P-loop, RNBS-A, kinase-2, RNBS-B, RNBS-C, GLPL, RNBS-D, and
MHD (Meyers et al. 1999). The NB subdomain contains a kinase-1a/P-loop, a RNBS-A, and a
kinase-2 motif (Tameling et al. 2002). The P-loop has an invariant lysine which is important for
ATP binding and mutations in the P-loop cause loss of function in several R proteins (Tao et al.
2000; Tameling et al. 2002; Tornero et al. 2002; Tameling et al. 2006; Williams et al. 2011). The
kinase-2 motif has an invariant aspartate which is important for binding Mg2+ in phosphotransfer
reactions (Traut 1994). Mutations in RNBS-A and kinase-2 result in autoactivation in the tomato
I-2 protein but not in the flax M protein (Tameling et al. 2006; Williams et al. 2011). One
possible reason for this difference is the slightly different consensus sequence for kinase-2
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between CC- (I-2) and TIR-domain (M) containing proteins. TIR-domain proteins have a kinase2 with an additional aspartate (Meyers et al. 1999) which may compensate for the mutation.
Mutations in the MHD domain of the conserved histidine and aspartate result in autoactivity as
well (Bendahmane et al. 2002; Tameling et al. 2006; van Ooijen et al. 2008; Williams et al.
2011). It is proposed that the histidine in the MHD domain may be in direct contact with ADP
and mutation results in weaker affinity for ADP, thus destabilizing the inactive form (van Ooijen
et al. 2008). The ARC1 subdomain is required for interaction between the LRR domain and the
CC-NBARC of potato Rx (Rairdan & Moffett 2006).
The above results have led to a model wherein the NB-ARC domain acts as a molecular
switch to control NLR activity (Figure 1.1). In an uninfected plant, the NLR is bound to ADP,
keeping it in an inactive state. But when the NLR detects an effector, the ADP is exchanged for
ATP, causing an intramolecular conformation change into an active state and initiating
downstream defense signaling (Jones et al. 2016). Mutations that prevent ATP hydrolysis or
preferentially bind ATP lead to effector-independent activation of the NLR (Tameling et al.
2006; Williams et al. 2011). Conversely, alleles that bind ADP strongly tend to give a weaker
resistance response (Bernoux et al. 2016). A recent study has revealed that the current molecular
switch model may not be completely accurate. Bernoux et al. 2016 found that the flax L6/L7 R
genes preferentially bind their effector AvrL567 in the active, ATP-bound state while little
binding is shown in the inactive, ADP-bound state. This contradicts the current model wherein
NLRs bind to effectors in their inactive state. Instead, Bernoux et al. propose a model where
NLRs are in a state of equilibrium between inactive and active and the inactive state is favored
when uninfected. Binding of an effector to the active state stabilizes and shifts the equilibrium
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towards the active state thus allowing defense signaling. However, it remains to be seen whether
other NLRs similarly preferentially detect their effectors in the active state.

Figure 1.1: Model of NLR activation upon effector detection (Cui et al. 2015).

The third NLR domain, the LRR domain, is the most sequentially diverse domain, even
when comparing highly similar genes, due to diversifying selection (Noël et al. 1999). As such, it
has been proposed to be the domain that recognizes effectors, which was demonstrated with the
rice Pi-ta gene (Jia et al. 2000) and Arabidopsis RPP1 (Krasileva et al. 2010). The LRR domain
has also been shown to play an inhibitory role in NLR activation because swapping LRR
domains from different NLRs can result in autoactivation (Rairdan & Moffett 2006). Similarly,
mutation of certain residues in the Rx LRR domain results in autoactivity (Moffett et al. 2002).
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The LRR domain has been shown to interact with the NB-ARC domain in RPS5 which prevents
it from being autoactive (Ade et al. 2007).
Some NLRs contain additional domains other than CC/TIR, NB, and LRR such as
WRKY, zinc finger, and kinase domains (Nishimura et al. 2015). These extra domains are often
found in NLRs that function as heteromeric dimers such as Arabidopsis RPS4/RRS1 and rice
RGA4/RGA5 (Césari et al. 2014; Le Roux et al. 2015; Sarris et al. 2015). Effectors bind to these
extra domains and this interaction is necessary for plant resistance (Césari et al. 2014; Le Roux
et al. 2015; Sarris et al. 2015).
Methods of Effector Detection by NLRs
NLRs have evolved several ways of detecting effectors secreted by pathogens. The
simplest method is direct recognition through binding of an effector by the R gene. Direct
recognition has been demonstrated for several R genes such as the rice Pi-ta (Jia et al. 2000),
Arabidopsis RRS1-R (Deslandes et al. 2003), and flax L (Dodds et al. 2006). However, many
other R genes were never found to interact with their corresponding effector(s). These R genes
were proposed to recognize their effectors indirectly such as in Arabidopsis R genes RPM1
(Resistance to Pseudomonas syringae pv maculicola 1) and RPS2 (Resistance to P. syringae 2)
(Mackey et al. 2002; Mackey et al. 2003; Axtell & Staskawicz 2003). This indirect recognition
led to the guard hypothesis wherein R genes monitor the status of endogenous plant proteins
(guardees) that are targeted by effector proteins (Dangl & Jones 2001). In the case of RPM1 and
RPS2, both R genes guard RIN4 (RPM1-interacting protein 4). RIN4 is targeted by multiple
effectors which cleave or phosphorylate RIN4 and these modifications are recognized by RPM1
and RPS2 which then activate resistance responses (Mackey et al. 2002; Mackey et al. 2003;
Axtell & Staskawicz 2003). A similar model of indirect recognition is the decoy model. A decoy
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is distinguished from a guardee in that decoys are unintended targets for effectors that do not
play a role in basal defense while guardees are the intended targets due to their role in basal
defense (van der Hoorn & Kamoun 2008; Jones et al. 2016). An example of a decoy is
Arabidopsis PBS1, a protein kinase. PBS1 is part of a receptor-like cytoplasmic kinase family
that includes PBS1-like genes that are all cleaved by avrPphB (Zhang et al. 2010). The cleavage
of PBS1-like proteins results in suppressed PTI, but cleavage of PBS1 itself does not (Zhang et
al. 2010). PBS1 interacts with the NLR RPS5 and cleavage of PBS1 by avrPphB activates RPS5
(Ade et al. 2007).
Related to the decoy model is the integrated decoy model wherein a NLR contains an
extra domain which serves as a decoy that the effector targets. This targeting alerts another NLR
which interacts with the first NLR to activate and induce a resistance response (Cesari et al.
2014). An example is the RPS4/RRS1 NLR pair. RRS1 contains a WRKY domain that effectors
avrRps4 and PopP2 both bind to, which activates RPS4-mediated cell death (Sarris et al. 2015).
A third method of detection involves executer R genes, which are not related to NLRs but
recognize transcription activation-like (TAL) effectors (Zhang et al. 2015). TAL effectors bind to
the promoter regions and promote expression of genes that induce susceptibility (Hutin et al.
2015). Executer R genes have evolved promoter sequences that mimic the promoter of
susceptibility genes thus causing the TAL effector to bind and activate transcription of the
executer R genes (Hutin et al. 2015; Zhang et al. 2015).
Downstream Signaling After NLR Activation
Active NLRs can trigger a variety of responses in plant cells which include: reactive
oxygen species (ROS) burst, MAPK cascades, transcriptional reprogramming, phytohormone
production, and cell death (Cui et al. 2015). Many of these ETI responses are shared with PTI,
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with the difference being that ETI has a longer sustained response (Cui et al. 2015). However,
the downstream pathways after NLR activation are relatively less understood (Cui et al. 2015).
There are two important downstream signaling components: enhanced disease susceptibility 1
(EDS1) and non-race-specific disease resistance 1 (NDR1) (Cui et al. 2015). EDS1 is generally
required for TIR-mediated ETI while NDR1 is required for CC-mediated ETI (Aarts et al. 1998).
EDS1 is found in a complex with PAD4 (Phytoalexin Deficient 4) and SAG101 (Senescence
Associated Gene 101) (Wiermer et al. 2005). EDS1 positively regulates salicylic acid (SA)
accumulation, a hormone involved in defense against biotrophs (Wiermer et al. 2005). In order to
stabilize them, several NLRs require a chaperone complex consisting of RAR1 (Required for
MLA12 Resistance 1), SGT1 (Suppressor of the G2 Allele of SKP1), and HSP90 (Heat Shock
Protein 90) (Shirasu 2009). Mutation of this chaperone complex leads to reduced accumulation
of certain NLRs (Shirasu 2009).
NLR activation is accompanied by an increase in SA. SA is critical for resistance to
pathogens as mutants that are unable to accumulate SA are more susceptible to pathogens
(Delaney et al. 1994). This is true even in normally resistant interactions involving
corresponding NLR and effector pairs. For example, avrRpt2 is recognized by the NLR RPS2
which normally results in resistance and prevention of bacterial growth. However, mutants in SA
accumulation do not inhibit bacterial growth even when it expresses avrRpt2 (Delaney et al.
1994). Accumulation of SA results in the expression of PR (Pathogenesis Related) genes which
depends on the master regulator of SA responses: NPR1 (Nonexpresser of PR genes 1)(Cao et al.
1997). NPR1 is normally present in the cytoplasm in an oligomerized form. Upon SA
accumulation, NPR1 is reduced to a monomer which is then translocated to the nucleus (Mou et
al. 2003). This event is critical for resistance as inhibition of NPR1 reduction or nuclear
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localization prevents PR expression and results in increased susceptibility (Kinkema et al. 2000;
Mou et al. 2003). These results demonstrate the importance of SA in providing resistance
downstream of NLR activation.
Upon pathogen detection, the cell undergoes transcriptional reprogramming to activate
defense responses. Some NLRs are able to directly influence transcription by relocating into the
nucleus and interacting with transcription factors (Cui et al. 2015). For example, barley MLA10
can interact with transcription factors WRKY1 and MYB6 (Chang et al. 2013). Normally,
WRKY1 binds to MYB6 and prevents MYB6 from transcribing defense related genes. Activated
MLA10 binds to WRKY1 to release its inhibition on MYB6 and promote DNA binding (Chang
et al. 2013). Similarly, the transcription factor bHLH84 interacts with Arabidopsis SNC1 and
RPS4 to activate defense responses (Xu et al. 2014). In rice, Pb1 in the nucleus interacts with
WRKY45 and prevents degradation of WRKY45 by the proteasome (Inoue et al. 2013).
Non-nuclear localized NLRs likely activate transcriptional reprogramming through
signaling pathways. For example, RPM1 and RPS2 are localized to the plasma membrane and
RPM1 remains at the plasma membrane after activation (Gao et al. 2011). Two possible
pathways involve mitogen-activated protein kinase (MAPK) and calcium-dependent protein
kinase (CPK) pathways which in turn activate transcription factors (Cui et al. 2015). This has
been shown for RPS2. Upon avrRpt2 detection, RPS2 causes sustained MPK3 and MPK6
activation (Tsuda et al. 2013). MPK3 and MPK6 activate the transcription factor WRKY33
which has been shown to be required for defense against Botrytis cinerea and Alternaria
brassicicola (Tsuda et al. 2013; Zheng et al. 2006). The sustained activation of MPK3 and
MPK6 is capable of expressing SA-dependent genes such as PR1 in the absence of SA (Tsuda et
al. 2013). RPS2 and RPM1 are capable of causing a sustained Ca2+ influx upon exposure to
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avrRpt2 and avrRpm1, leading to activation of CPK3, 4, 5, 6, 10, 11, and 30 (Gao et al. 2013).
CPK4, 5, 6, and 11 are capable of phosphorylating WRKY8, 28, and 48 (Gao et al. 2013).
WRKY8 and 28 mutants were more susceptible when infected with Pst containing avrRpt2 or
avrRpm1 due to reduced expression of SID2, a key enzyme in the production of SA (Gao et al.
2013).
One of the earliest responses after pathogen detection in both PTI and ETI is the
production of ROS (Kadota et al. 2015). ROS plays many roles in defense from being toxic to
the pathogen, to strengthening cell walls, to promoting defense gene expression (Torres et al.
2006). In PTI, the ROS burst is transient that peaks around 10 minutes after PAMP treatment
before subsiding, while in ETI there is a quick burst of weak magnitude followed by a strong
magnitude sustained production of ROS (Torres et al. 2006; Kadota et al. 2015). One of the
primary producers of ROS during infection is NADPH oxidase/respiratory burst oxidase
homolog (RBOH) (Torres et al. 2005; Torres et al. 2006; Kadota et al. 2015). In Arabidopsis,
RBOHD is the most important RBOH in producing ROS during pathogen attack (Kadota et al.
2015). RBOHD activity is regulated in both a calcium-dependent and independent manner
(Kadota et al. 2015). Calcium ions can directly bind to EF-hand motifs on RBOHD or they can
activate CPKs which in turn, phosphorylate RBOHD (Gao et al. 2013; Kadota et al. 2015).
RBOHD can also be phosphorylated by BIK1 on different residues in a calcium-independent
manner (Kadota et al. 2014).
Helper NLRs
Helper NLRs are different from other NLRs in that they are not involved in pathogen
recognition. Rather, they function downstream of effector recognition and play a role in
signaling (Chiang & Coaker 2015). Helper NLRs contain a CC-NBS-LRR structure, but their CC
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domain is different from canonical NLRs. Their CC domain is similar to Arabidopsis RPW8
which lacks the conserved EDVID motif and is referred to as CCR (Collier et al. 2011). Two
helper NLRs that have been identified are: NRG1 (N Requirement Gene 1) from tobacco and
ADR1 (Activated Disease Resistance 1) from Arabidopsis and they represent two distinct
subclades of helper NLRs (Collier et al. 2011). NRG1 is required for N-mediated resistance
against tobacco mosaic virus (Peart et al. 2005). The CCR domain of NRG1 and ADR1 is capable
of inducing HR on its own when transiently expressed in tobacco (Collier et al. 2011).
Phylogenetic analysis revealed that ADR1-like genes are found in many flowering plants but
NRG1-like genes appear to be absent in monocots (Collier et al. 2011).
Arabidopsis has four ADR1 genes (ADR1, ADR1-L1, ADR1-L2, ADR1-L3) and a triple
mutant (adr1 adr1-L1 adr1-L2) was found to be compromised in PTI and RPS2-, RPP2-, and
RPP4-mediated resistance, but not RPM1-mediated resistance (Bonardi et al. 2011). The
inability of the triple mutant to confer RPS2-mediated resistance was due to a lack of
accumulation of SA which is necessary for RPS2 function but not RPM1 (Bonardi et al. 2011).
Interestingly, unlike other NLRs, ADR1-L2 does not require a functional P-loop to confer basal
resistance and SA accumulation (Bonardi et al. 2011). However, it does require a functional Ploop in conferring cell death in the lsd1-2 mutant (Roberts et al. 2013). ADR1, ADR1-L1, and
ADR1-L2 appear to be functionally redundant as single mutants do not give a phenotype and the
triple mutant can be rescued by expressing WT ADR1-L2 alone (Bonardi et al. 2011). Further
evidence for redundancy comes from a recent study where ADR1-L1 plays a negative regulatory
role as the double mutant snc1 adr1-L1 enhances the autoimmune phenotype of snc1 apparently
due to upregulation of transcription of ADR1 and ADR1-L2. This enhancement is eliminated in
the triple mutant (Dong et al. 2016). The enhancement of the snc1 adr1-L1 mutant phenotype is
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not strictly due to SA as the triple mutant snc1 adr1-L1 eds5, which is SA deficient, does not
completely rescue the mutant phenotype. Interestingly, adr1-L1 does not enhance all
autoimmune mutants. In the lsd1-2 and chs3-1 mutants, adr1-L1 suppresses the cell death
phenotype (Dong et al. 2016).
RIN4 in Basal Defense
RIN4 is a 211 amino acid (Mackey et al. 2002), intrinsically disordered protein (Lee et al.
2015; Sun et al. 2014) that is localized to the plasma membrane via its C-terminal cysteine and
phenylalanine residues (Mackey et al. 2002; Day et al. 2005; Takemoto & Jones 2005). It has
been shown to be a negative regulator of basal plant defenses in Arabidopsis (M. G. Kim et al.
2005) as overexpression of RIN4 was found to inhibit callose deposition and expression of GST6
(Glutathione S-transferase 6) in response to flg22 while RIN4 knockouts exhibited higher callose
deposition as well as PR1 expression (M. G. Kim et al. 2005). It is targeted by four unrelated
effectors: avrRpm1, avrB, avrRpt2, and HopF2Pto from Pseudomonas syringae (Mackey et al.
2002; Mackey et al. 2003; Axtell & Staskawicz 2003; Wilton et al. 2010). Similarly, two
effectors that target RIN4, avrRpm1 and avrRpt2, were shown to inhibit PTI as well due to the
reduced callose deposition and the reduced expression of GST6 and PR1 (M. G. Kim et al.
2005). One question that arises is how do these effectors modify RIN4 to suppress PTI?
Normally, upon flg22 perception, RIN4 is phosphorylated at serine 141, which induces PTI (Lee
et al. 2015; Chung et al. 2014). The effectors avrB and avrRpm1 can interact with RIN4
(Mackey et al. 2002) and induce its phosphorylation via RIPK (RPM1-induced protein kinase) at
threonine 166 (Liu et al. 2011) which is epistatic to phosphorylation at serine 141 and prevents
RIN4 from initiating PTI (Chung et al. 2014). The effector HopF2Pto also prevents
phosphorylation at serine 141, but not through an increase in phosphorylation at threonine 166
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(Chung et al. 2014). The authors postulate that since HopF2Pto can also interact with BAK1
(Brassionsteroid insensitive 1-associated receptor kinase 1) and BIK1 (Botrytis-induced
kinase1), two kinases involved in PTI signal transduction, the prevention of serine 141
phosphorylation is the result of HopF2Pto on RIN4 and those two kinases. In the case of avrRpt2,
it cleaves RIN4 at two sites, which makes one wonder why an effector would eliminate a
negative regulator of PTI (Chisholm et al. 2005). The answer lies in the fact that these fragments
are not eliminated once cleaved. Instead they are untethered from the plasma membrane and
become potent suppressors of PTI (Afzal et al. 2011). Each of the fragments contain a NOI
(Nitrate Induced) domain that is necessary to suppress PTI as RIN4 fragments without these
domains fail to suppress PTI (Afzal et al. 2011).
RIN4 can also interact with plasma membrane H+-ATPases AHA1 and 2 (Liu et al. 2009).
AHA1 and 2 are proton pumps that transport H+ from the cytosol into the apoplast and are
involved in stomatal opening/closure (Liu et al. 2009). Overexpression of RIN4 increases the
plasma membrane H+-ATPase activity which induces stomatal opening and results in increased
bacterial growth due to the bacteria entering through the open stomata (Liu et al. 2009).
Conversely, knocking out RIN4 causes stomatal closure which cannot be re-opened by
coronatine (Liu et al. 2009). Phospho-mimic mutants of RIN4 where threonine 21, serine 160,
and threonine 166 are mutated to aspartic acid show a stronger affinity with AHA1 and display
enhanced AHA1 activity (Lee et al. 2015). The phospho-null mutant where the above three
residues are mutated to alanine did not show significantly greater affinity with AHA1 or activity
of AHA1 (Lee et al. 2015). The increased stomatal diameters in the phospho-mimic mutant
provide an additional reason for avrB and avrRpm1 to induce RIN4 phosphorylation at threonine
166.
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RIN4 in ETI
Along with playing a role in PTI, RIN4 is also a guardee and is involved in ETI. As
mentioned above, avrRpm1 and avrB both cause RIN4 to become phosphorylated at threonine
166 via RIPK. avrB can bind directly to the C-terminus of RIN4 and loss of this interaction
eliminates RPM1-mediated HR, likely due to loss of recruitment of RIPK to phosphorylate
threonine 166 (Desveaux et al. 2007). Specifically, mutations in threonine 125 and histidine 217
in avrB prevent hydrogen bonding with threonine 166 in RIN4 and disrupt the interaction as well
as RPM1 activation. However, avrB has not been seen to have kinase activity in vitro so it is
unlikely that it can directly phosphorylate RIN4 (Desveaux et al. 2007). Instead, avrB utilizes
RIPK to phosphorylate RIN4 at threonine 21, serine 160, and threonine 166 (Liu et al. 2011).
avrB itself is also phosphorylated by RIPK (Liu et al. 2011),which requires residues in an ADPbinding cavity but not RIN4. This phosphorylation is necessary for RPM1 activation (Desveaux
et al. 2007).
Phosphorylation of threonine 166 was thought to be necessary for RPM1-mediated HR as
mutating threonine 166 to alanine (T166A) abolishes RPM1 activity even in the presence of avrB
(Chung et al. 2011). However, Li et al. have shown that if the T166A mutation is combined with
a deletion of proline 149 (ΔP149), RPM1 can still be activated (Li et al. 2014). Proline 149 is the
target of ROC1 (Rotamase cyclophin 1), a cyclophlin which catalyzes cis/trans isomerization of
the X-prolyl bond where X is the amino acid preceding a proline. ROC1 interacts with RIN4,
likely at the C-terminus of RIN4 because a RIN4 mutant with the first 141 amino acids deleted
still interacts with ROC1 (Li et al. 2014). This interaction is disrupted if threonine 166 is
phosphorylated (Li et al. 2014). While the ΔP149 mutation causes constitutive RPM1-mediated
HR, mutating proline 149 to valine abolishes HR (Li et al. 2014). These mutations likely lock
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RIN4 into different conformations and it is possible that RPM1 recognizes the different
conformations and activates when it recognizes the RIN4ΔP149 conformation. These results
suggest a model where RIN4 is normally kept locked by ROC1 in a conformation that prevents
RPM1 activation. When AvrB is injected into the cell, it is phosphorylated by RIPK and induces
phosphorylation of RIN4 at threonine 21, serine 160, and threonine 166. Phosphorylation of
threonine 166 causes ROC1 to dissociate from RIN4 and allow RIN4 to change into a
conformation that allows RPM1 to activate.
It is notable that the threonine 166 to alanine mutation does not completely abolish RPM1
activity triggered by avrRpm1 (Chung et al. 2011). This may be due to additional
phosphorylation of RIN4 induced by avrRpm1 as there is a greater size shift of RIN4 in the
presence of avrRpm1 compared to AvrB suggesting additional phosphorylation (Liu et al. 2011).
While phosphorylation of threonine 166 is sufficient to induce RPM1-mediated HR,
phosphorylating threonine 21 and serine 160 induces a stronger HR (Liu et al. 2011).
AvrRpt2 is a cysteine protease that cleaves RIN4 at two sites RCS1 and RCS2 (Chisholm
et al. 2005; Coaker et al. 2005). AvrRpt2 is delivered into plant cells in an inactive form and
requires a cyclophilin, ROC1, to self-cleave off the N-terminus and become active (Coaker et al.
2005). Cleavage deficient mutants of AvrRpt2 do not localize to the plasma membrane and are
instead localized to the chloroplast or nucleus (Jin et al. 2003). The self-cleavage site in AvrRpt2
is similar to RCS1 and RCS2 and has a consensus sequence of VPxFGxW (Chisholm et al. 2005;
Coaker et al. 2005). Cleavage of RIN4 eliminates its interaction with RPS2 and causes RPS2 to
activate HR. RPS2 is an autoactive R gene as shown in Arabidopsis rin4 mutants, which are
lethal (Mackey et al. 2003), and in transient expression in Nicotiana benthamiana, where it
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causes HR (Day et al. 2005). RPS2-mediated resistance requires NDR1 which associates with
RIN4 (Day et al. 2006).
HopF2Pto was the latest effector discovered to interact with RIN4. Overexpression of this
effector in Arabidopsis prevents RPS2-mediated HR, but not RPM1-mediated HR (Wilton et al.
2010). Wilton et al. claim that HopF2Pto is inhibiting avrRpt2 cleavage of RIN4. HopF2Pto is able
to enhance P. syringae virulence in the presence of RIN4 and loses this ability in a
rin4/rps2/rpm1 mutant (Wilton et al. 2010). HopF2Pto can also modify the MAP kinase kinase 5
(MKK5) by ADP-ribosylation which inhibits its kinase activity and inhibits PTI (Wang et al.
2010). HopF2Pto is capable of ADP-ribosylating RIN4 as well although it is unknown what effect
this has on RIN4 (Wang et al. 2010).
Lesion Mimic Mutants
Lesion mimic mutants spontaneously develop lesions that resemble HR even in the
absence of pathogens (Moeder & Yoshioka 2008). As such, they were studied in the hopes of
elucidating components involved in plant cell death. Lesion mimic mutants have been found in
many species including Arabidopsis, maize, barley, and rice (Bruggeman et al. 2015). There are
two types of lesion mimic mutants: initiation and propagation. Initiation mutants develop
localized lesions of variable size while propagation mutants are unable to control the spread of
the lesions (Lorrain et al. 2003; Moeder & Yoshioka 2008). Despite the lesions resembling HR,
many lesion mimic mutants are not the result of defects in defense-related genes (Johal 2007).
For example, the maize lesion mimic mutant Les22 was found to result from a mutation in
uroporphyrinogen decarboxylase, an enzyme involved in the chlorophyll biosynthetic pathway
(Hu et al. 1998). This mutation causes the enzyme to be defective and creates an accumulation of
uroporphyrin III which becomes highly reactive under light and generates ROS (Hu et al. 1998).
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In Arabidopsis, the lesion mimic mutants acd5 (accelerated cell death 5) and acd11 (accelerated
cell death 11) are involved in sphingolipid metabolism (Bruggeman et al. 2015). ACD5 encodes
a ceramide kinase while ACD11 encodes a lipid transfer protein that specializes in transferring
sphingosine and ceramide-1-phosphate (Brodersen et al. 2002; Liang et al. 2003; Simanshu et al.
2014). Both mutants result in the accumulation of ceramide which appears to lead to cell death
(Liang et al. 2003; Simanshu et al. 2014).
There are some lesion mimic mutants that are due to constitutively active NLRs
(Bruggeman et al. 2015). One example is the maize lesion mimic mutant Rp1-D21. The Rp1
locus confers resistance to rust and consists of nine NLR paralogs (Hu et al. 1996). The Rp1-D21
mutant is the result of a recombination event between Rp1-D and Rp1-dp2, two of the paralogs
(Smith et al. 2010). In Arabidopsis, the lesion mimic mutant ssi4 was found to encode a TIRNBS-LRR. The causative mutation is a single amino acid change in the NBS domain which leads
to constitutive defense responses (Shirano et al. 2002). The lesion mimic slh1 (sensitive to low
humidity 1) encodes for a TIR-NBS-LRR-WRKY protein containing an additional amino acid in
the WRKY domain (Noutoshi et al. 2005). This additional amino acid prevents the WRKY
domain from binding to DNA (Noutoshi et al. 2005). As SLH1 is identical to RRS1, it is likely
that this additional amino acid releases inhibition on RPS4 which leads to constitutive defense
responses (Noutoshi et al. 2005; Le Roux et al. 2015).
Many lesion mimic mutants have been found to be suppressed by mutations in an additional
gene (Bruggeman et al. 2015). Some of these suppressors have been found to be R genes. The
NLR LAZ5 was identified in a suppressor screen for acd11 (Palma et al. 2010). acd11/laz5
double mutants fail to develop lesions, suggesting that LAZ5 is key in activating lesions and
defense responses in the absence of ACD11 (Palma et al. 2010). mekk1 (MAP kinase kinase
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kinase 1), mkk1/mkk2 (MAP kinase kinase 1/MAP kinase kinase 2), or mpk4 (MAPK4) mutants
all display spontaneous cell death which can be suppressed by mutant summ2 (suppressor of
mkk1/mkk2 2) (Zhang et al. 2012). MEKK1, MKK1/MKK2, and MPK4 form a signaling cascade
for defense responses and SUMM2 is a CC-NBS-LRR protein (Zhang et al. 2012). SUMM2
appears to guard this kinase cascade from disruption by the effector HopAI1 (Zhang et al. 2012).
These examples suggest that there are two types of lesion mimic mutants involving NLRs: those
that are due to mutations in a NLR itself and those that are the result of mutations in guardee
proteins that cause their NLR guards to constitutively activate defense responses.
This thesis will focus on a lesion mimic mutant in maize (les23) and its suppressor slm1
(Suppressor of lesion mimics 1). Chapter 2 focuses on cloning and characterization of les23 and
slm1 while chapter 3 details the structure and diversity of slm1. Chapter 4 focuses on the
characterization of a les23 homolog, les23-like 1 (ltl1).
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CHAPTER 2: CLONING THE MAIZE LESION MIMIC MUTANT LES23
AND ITS SUPPRESSOR SLM1 UNCOVER COMPONENTS OF THE
GUARD HYPOTHESIS OF PLANT IMMUNITY

Introduction
In order to protect themselves from pathogen attack, plants have evolved a two-branched
immune system (Jones & Dangl 2006). The first branch is known as PTI (PAMP Triggered
Immunity) and involves pattern recognition receptors (PRRs) which detect PAMPs (Pathogen
Associated Molecular Patterns). Upon detection of PAMPs, PRRs activate downstream signaling
pathways that lead to defense responses. Pathogens have evolved effector proteins that interfere
with proteins in the signaling pathway to suppress PTI and induce susceptibility (ETS). Plants
use their second branch of immunity to detect effector proteins and overcome ETS. The second
branch, known as ETI (Effector Triggered Immunity), detects pathogen effectors via NBS-LRR
(NLR) resistance genes. Upon effector detection, NLRs activate many of the same downstream
signaling pathways in PTI. One difference between PTI and ETI responses is the presence of
localized cell death known as the hypersensitive response (HR) in ETI.
Lesion mimic mutants are a class of mutants that spontaneously develop HR-like lesions
in the absence of any pathogen. These mutants are ubiquitous in the plant kingdom and maize
alone has over 50 lesion mimic mutants (Johal 2007). It was initially believed that these mutants
had defects in defense genes/signaling due to their HR-like lesions. While this was true for some,
other lesion mimic mutants were found to be defective in other pathways. For example, the
maize lesion mimic mutant Les22, was found to have a mutated uroporphyrinogen decarboxylase
which is part of the chlorophyll biosynthesis pathway. Les22 accumulates uroporphyrin which is
highly reactive in light and generates reactive oxygen species (ROS) that damage the cells (Hu et
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al. 1998). Another lesion mimic mutant in maize, lls1 (lethal leaf spot-1), was found to be an
ortholog of Arabidopsis acd1 (accelerated cell death 1) (Yang et al. 2004). lls1 encodes a
defective pheophorbide a oxygenase which is involved in chlorophyll breakdown. Mutants
accumulate pheide a, which is excited by light and generates ROS (Pruzinská et al. 2003).
les23 is a recessive lesion mimic mutant that initiates lesion formation around 3-4 weeks
after planting in the field and around 3 weeks after planting in the greenhouse (Penning et al.
2004). These lesions appear on older leaves and appear as yellow specks at first. As the plant
ages, the lesions become necrotic and additional lesions form, eventually covering the entire leaf
and causing premature senescence (Penning et al. 2004). The mature plant produces a tassel but
no functional ear. Like many lesion mimics (Hu et al. 1998; Brodersen et al. 2002; Negeri et al.
2013), the formation of lesions in les23 is light dependent (Penning et al. 2004). les23 was found
in an EMS-generated M2 opaque2-mutant population that was mostly in a Va35 background. It
has been mapped to chromosome 2 near the centromere in bin 2.05 (Penning et al. 2004).
les23 is capable of being suppressed by the QTL slm1 (suppressor of lesion mimics 1)
found in the inbred line Mo20W on the long arm of chromosome 2 in bin 2.08 (Penning et al.
2004). Slm1-Mo20W suppresses les23 in a dosage dependent manner, i.e. one copy of the
Mo20W allele gives an intermediate lesion phenotype while two copies of the Mo20W allele
gives a WT phenotype. Plants with one copy of the Mo20W allele develop lesions later (around
flowering) than plants with two copies of the Va35 allele. It was hypothesized that the Slm1Mo20W allele was somehow superior to the Slm1-Va35 allele and thus could suppress lesion
formation caused by les23.
This chapter will describe the cloning of both les23 and Slm1. RNA-seq analysis suggests
that the les23 mutant is undergoing a defense response. Finally, transient expression in N.
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benthamiana reveals that our original genetic model was incorrect and that it is actually LES23
that suppresses SLM1, an autoactive NLR.
Materials and Methods
Temperature Sensitivity of les23
An initial experiment consisted of 5 les23-ref plants grown in a growth chamber set at 35°C/31°C
day/night and 5 plants were grown in a growth chamber set at 28°C/23°C day/night. At the V3
stage, plants were observed in both chambers for lesion formation and all the plants in the high
temperature growth chamber were moved into the low temperature growth chamber. After one
week, plants were observed for lesion formation again. The second experiment consisted of 20
les23-ref plants that were grown in the greenhouse whose temperature fluctuated between 25°C35°C depending on the time of day, and 20 plants were grown in a growth chamber set at
35°C/31°C day/night. After three weeks, plants were photographed and half of the plants in the
greenhouse were moved to the growth chamber and vice-versa. After one additional week, plants
were photographed again.
Fine Mapping of les23
Initially an F2 population of les23 x Mo20W was tried to map the les23 locus to a fine
resolution. However, because of the lack of reliable polymorphic markers, another F2 population
was generated with the inbred line B73. In the first experiment, 575 plants from this population
were grown in a greenhouse and both phenotyped and genotyped with both public INDEL
markers and markers developed by Pioneer that allowed us to narrow the les23 interval to less
than 10 cM. A lack of recombinants prevented further progress. Two INDEL markers IDP200
and MZA6815 were used to screen an additional 3500 F2 individuals. This effort placed the
les23 locus close to centromere in an interval of about .5 cM.
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Extraction of DNA
DNA was extracted by grinding leaf tissue and immersing it in 500 µL CTAB buffer and βmercaptoethanol. Samples were incubated for 30 minutes in a 65ºC water bath before adding 500
µL of 24:1 chloroform: octanol. Samples were inverted and centrifuged at 13,200 rpm for 20
minutes. The top layer was transferred to a new tube and 350 µL of isopropanol was added.
Samples were left to precipitate at -20ºC for 1 hour and then spun down at 13,200 rpm for 10
minutes. Samples were then washed with 500 µL of 70% ethanol twice and then allowed to air
dry. DNA pellets were finally re-suspended in 100 µL of water and 3 µL of RNase A.
Sequencing les23
GoTaq® Flexi DNA Polymerase PCR reagents were used in the following amounts: 8.5 µL H2O,
1.25 µL 50% glycerol, 2.5 µL buffer, 1 µL MgCl2, 0.25 µL 10 mM dNTPs, 0.185 µL forward
primer, 0.185 µL reverse primer, and 0.13 µL Taq polymerase. Reactions were scaled up by a
factor of 3 for sequencing. Touchdown PCR was used to amplify genomic DNA for sequencing
les23. The following primers were used to sequence les23: Les23 F1
(TCTTTGGAGGACTGCGGTCTG)/Les23 R1 (CAAGTGGACGTGTTTTCGCTCT), Les23 F2
(CAATGCCAAAATTGAGGGGAGT)/ Les23 R2 (TCCCCAAATGCAGGAATTTCA), Les23
F3 (TCCTAGCAACAGATGGTTGCTTTT)/Les23 R3 (CATTCGCCAAAGGGTGGTACA),
Les23 F4 (TGAATGTGGGCTAGAAATCCCTTT)/ Les23 R4
(TCAAGGTCGGATAGCTGGATGTC), and Les23 F5 (TGCCCTTTTCAACAGCAAGTGA)/
Les23 R5 (GAACTCTTCGAGATCCTGTCC).
Annealing temperatures decrease by 0.5ºC/cycle from 58ºC to 53ºC. Some PCR product was run
on a 1% agarose gel to confirm presence of bands. The remaining PCR product was cleaned by
running it through an agarose column. A BigDye reaction was run and the product was
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precipitated using 1 µL of 3 M sodium acetate pH 5.2 and 100 µL of 100% ethanol and placing
samples at -20ºC for 1 hour. The samples were centrifuged at 13,200 rpm for 30 minutes. The
supernatant was discarded and the pellet was washed twice with 70% ethanol and allowed to air
dry before final resuspension in 20 µL of H2O. The product was sent to the Purdue Genomics
Center for sequencing.
Sequence Alignment
Amino acid sequence alignments for LES23 and SLM1 were done using Clustal Omega
(Goujon et al. 2010; Sievers et al. 2011). The NOI domains, C-terminal cysteines, and RCS
sequences were obtained from Sun et al. (Sun et al. 2014).
Transposon Mutagenesis of Les23
To validate the correct cloning of Les23, new mutant alleles of this gene were generated by
mutagenesis with Mutator (Mu), a transposable element system in maize (Walbot & Qüesta
2013). Two different approached were used. One involved directed tagging in which Mu active
females were pollinated with pollen from les23-ref mutants. More than 40,000 progeny plants
thus generated were screened for rare mutants with a phenotype typical of les23-ref. Genotyping
for Mu elements in les23-2 and les23-3 was done using TIR6
(AGAGAAGCCAACGCCAWCGCCTCYATTTCGTC) and a gene specific primer GJR38
(CGCAGTCCTCCAAAGAAAAG). The PCR product was sequenced to determine the location
of the Mu element. The WT sector of les23-ref/les23-3 was genotyped for the Mu element using
TIR6/GJR38. Mu F1 (CCTACTCTCACCTCAAAACGG) and Mu R1
(CGAAATTCACCAAATCTTCCC) were used as Mu flanking primers to check for
homozygosity of the Mu element.
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Two of the mutants (les23-2 and les23-3) isolated were confirmed to be due to Mu insertions in
the candidate LES23 gene. Two other les23 mutants (les23-4 and les23-5) were identified at
Pioneer by a reverse genetics approach as previously described (Bensen et al. 1995), and their
allelism to les23-ref was confirmed by complementation crosses with this mutant.
RNA Extraction
Plants were frozen in liquid nitrogen and ground to a fine powder using a mortar and pestle.
RNA buffer consisting of 100 mM sodium acetate, 1 mM EDTA, and 4% SDS at pH 5 was
mixed with PCI (phenol, chloroform, and isopentyl alcohol) pH 4.7 in a 1:1 ratio and used as
extraction buffer. 500 µL of extraction buffer was mixed with the frozen tissue and vortexed.
Samples were incubated at room temperature for 5 min. before centrifuging at 13,000 RPM for
10 min. The top layer was transferred into 2-mL tubes containing 1 mL of PCI. Tubes were
inverted for two minutes to mix. The tubes were then centrifuged for 5 min. at 13,000 RPM and
again the top layer was removed and transferred to new 2-mL tubes containing 1 mL PCI and the
previous step was repeated. The top layer was transferred to new 2-mL tubes containing 1.2 mL
CI and spun down. The top layer was transferred to a new tube and 0.5 volumes of 8 M LiCl was
added. The tubes were left to precipitate overnight at -20ºC. The next day, tubes were
centrifuged at 4ºC for 15 min. at 13,000 RPM. The supernatant was removed and 1 mL of ice
cold 80% ethanol was added. The samples were spun down at 13,000 RPM for 2 min. and the
supernatant was removed. The wash step was repeated and the samples were left to air dry.
RNA-Seq Analysis
Plants segregating 1:1 for les23-ref were grown in the greenhouse until V4. The entire third leaf
was collected, transferred to a 50 mL falcon tube, and immediately frozen in liquid nitrogen.
Three replicates of 10 plants each of WT and les23-ref plants were collected. RNA was extracted
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as described above and quantified with a Nanodrop 2000c Spectrophotometer (Thermo
Scientific), and sent to the Purdue genomics center for sequencing on an Illumina HiSeq2500.
All reads were trimmed to remove adapters using FASTQ/A Trimmer. FASTQ files with
trimmed reads were aligned to B73_RefGenV3.29 (.fa genomic file downloaded from
plants.ensembl.org) using Bowtie2 (Langmead & Salzberg 2012). Sorted SAM files with aligned
reads were then used to make counts tables for input into DESeq2 (Love et al. 2014). Counts
table were created using htseq (Anders et al. 2014). DESeq2 determined differential expression
between WT and les23 samples (all 3 replicates) using the “nbinomLRT” setting with
“parametric” dispersion. This gave an output for differential expression of each gene (.csv file)
with a Benjamini-Hochberg adjusted p-value for multiple test correction. Annotation of maize
genes was conducted by comparing Arabidopsis and maize using BLASTP. The annotation from
TAIR10 for the top hit was used if the e-value score was less than 1e-05. Maize genes with no
similar sequence in A. thaliana meeting these criteria were denoted with an asterisk.
Isochorismate synthase (ics) Mu Analysis
A Uniform Mu line, UFMu-03865, containing a Mu insertion in the ics gene, was ordered from
the maize genetics cooperation stock center. The following primers were used to genotype for
the Mu element: EoMumix3: (GCCTCC ATTTCGTCGAATCCC)
+ (GCCTCTATTTCGTCGAATCCG)/ICS Mu F1 (TCTCAGGTACCATTTTGACGA) or ICS
Mu R1 (CCCATTCAGGTTCAATCAATGT). ICS Mu F1/R1 was also used to determine if the
Mu element was in heterozygous or homozygous condition.
Fine Mapping Slm1
To fine map Slm1, it was first introgressed into a uniform background to generate BC8F1 NILs
that were homozygous for les23-ref but differed at the slm1 locus. Several BC8F1 plants
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heterozygous for Slm1-Mo20W/Slm1-Va35 were self-pollinated to generate a large BC8F2
population. 12,000 individuals from this population were phenotyped into 3 classes and then
genotyped to place slm1 within an interval of 13.6 kb.
Sequencing Slm1
Genomic DNA was amplified using touchdown PCR using identical conditions as described
above. The following primers were used to sequence Slm1: Slm1 F1:
(GTGTGACCCATCTTGTGCCA)/ Slm1 R1: (TTCCCGTCCTCCTCGATCTTC), Slm1 F2:
(ATCCAGCGGCAACGGTAAGAC)/ Slm1 R2: (AGTAAGCGCCACCCATCTTC), Slm1 F3:
(GAGGAAAGAGTCGGTTGCCA)/ Slm1 R3: (GGTTGGATTCCTGCCCAAGAC), Slm1 F4:
(GTCTTGGGCAGGAATCCAACC)/ Slm1 R4: (GTGAGGTTTACACCCCCGAG), Slm1 F5:
(CATGCGCAACCTACTCGAACC)/ Slm1 R5: (ACCGGTGGACAGAGCTCATCA), Slm1 F6:
(GGTTGGAACAGCCTGGAGGAG)/ Slm1 R6: (GCAGATCGCTGAGGAGGAGAA), and
Slm1 F7: (GAGCAGGCAATGCCAAACATC)/ Slm1 R7:
(TGGACTCAAACAAGACGAGAGA). BigDye reactions were performed as described above.
Genotyping for Slm1-Mo20W was performed using intron spanning primers Slm1-Mo20W F1
(TGGGTGGCGCTTACTCAAGAA)/ Slm1-Mo20W R1 (GGTTGGATTCCTGCCCAAGAC).
EMS Mutagenesis of Slm1
Targeted mutagenesis to generate new mutant alleles of Slm1 was conducted as described by
Neuffer (Neuffer 2013). In brief, EMS stock solution was prepared by mixing 99 mL of paraffin
oil with 1 mL of EMS (Sigma-Aldrich) in a covered bottle overnight. A working solution was
then made fresh by mixing 1 mL of the stock solution with 14 mL of paraffin oil. Pollen was
pooled from les23-ref mutants (homozygous for Slm1-Va35) and placed in a small Nalgene
bottle. EMS working solution was added to the bottle in a ratio of 10 parts solution to 1-part
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pollen. The bottle was placed on ice and inverted gently every 5 minutes for 35 minutes. The
pollen was then dropped and spread onto the ears of phenotypically WT les23-ref mutants
homozygous for the Slm1-Mo20W allele. About 10,000 of the M1 progeny thus produced was
planted to screen for rare mutants that lost the les23 phenotype. Eight such mutants with a
completely wild-type phenotype were identified, two of which (slm1-1 and slm1-2) were found
to have single G to A conversions in the coding region of SLM1.
Co-segregation Analysis of slm1-1 and slm1-2
Forty-eight seeds from the progeny of each mutant were planted in a greenhouse and phenotyped
at the V6-V7 stage. Individual plants were rated on a 1-5 scale for les23 lesions, with 1
representing no lesions and 5 representing severe lesions. DNA was extracted from each mutant
and amplified by PCR using dCAPs markers designed from mutant-specific SNPs. The dCAPs
markers used were: slm1-1 FP: (GCCAGTGTGAATGACATCCCCAGGGGCATAT)/ Slm1 R5:
(ACCGGTGGACAGAGCTCATCA) and slm1-2 FP: (GCCTCTTGTATCTAAGCAATCTA)/
Slm1 R5: (ACCGGTGGACAGAGCTCATCA). The PCR product was then digested with either
NdeI or XbaI (NEB) for slm1-1 and slm1-2, respectively, following instructions from New
England Biolabs. The digested products were run on a 3% agarose gel for 1.5 hours and the
results were tallied to establish a genotype-phenotype relationship.
Plasmid Construction
RNA was extracted from Les23, les23-ref, and Mo20W plants as described above. DNA was
removed by treating with Ambion™ DNase I. cDNA was generated using iScript™ cDNA
Synthesis Kit and following their instructions. The cDNA for Les23 and Slm1 were amplified
using Phusion High Fidelity Taq Polymerase (NEB). The coding regions of Les23, les23-ref,
Slm1-Va35, and Slm1-Mo20W were amplified using the following primers: Les23-F1G
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(CACCATGGCGCAACCTGAAATTCCT)/ Les23-R1G (TCAAAGTATGCAGCAAGAACA)
and Slm1-F1G (CACCATGGCTATGATCCTAGACGCCTT)/ Slm1-R1G
(TTAGGACTTTGCAACTTCAAAT). The PCR product was inserted into pENTR™/DTOPO™ vector and transformed into TOP10 E. coli cells following ThermoFisher’s instructions.
Colony PCR was performed using M13F/R primers and the product was sent for sequencing.
Plasmid purification was performed on colonies with correct sequences using Zyppy™ Plasmid
Miniprep Kit. The plasmid was moved into pGWB vectors (Nakagawa et al. 2007) via a LR
reaction.
Agrobacterium tumefaciens Transient Expression
Competent Agrobacterium tumefaciens GV3101 cells were generated and transformed as
described (Annamalai & Rao 2006). Colonies with the correct constructs were grown to OD600
2.5 at 28°C in 5 mL of LB supplemented with 5 µL of 50 mg/mL kanamycin, 5 µL of 50 mg/mL
gentamycin, and 5 µL of 50 mg/mL rifampicin. The Agrobacterium was transferred to 50 mL
falcon tubes and centrifuged for 10 min. at 5000 RPM. The supernatant was poured off and the
cells resuspended in 10 mM MES buffer pH 5.6, 10 mM MgCl2, and 100 µM acetosyringone.
The tubes were left at room temperature for at least 3 hours before infiltration. N. benthamiana
plants were grown in the greenhouse or growth room set at 23°C for around one month before
infiltration. After infiltration, plants were left at 23°C under bright light. Pictures were taken 2-3
days after infiltration.
Western Blot
Six leaf discs were taken from three plants 28 hours post-infiltration and placed in a 1.5 mL
microcentrifuge tube. These tubes were immediately frozen in liquid nitrogen and the leaf discs
were ground into powder. 200 µL of protein extraction buffer [20 mM Tris-HCl (pH 8.0), 150
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mM NaCl, 1 mM EDTA (pH8.0), 1% Triton X-100, 0.1% SDS, 10 mM DTT, 40 μM MG132,
and 1× plant protein protease inhibitor mixture (Sigma-Aldrich)] was added to each tube.
Samples were centrifuged at 14,000g for 10 min. at 4°C. 200 µL of supernatant was mixed with
200 µL of 2x Laemmli buffer and boiled at 95°C for 10 min. 30 µL was loaded onto a 10% Trisglycine gel and run at 130 V for 1.5 hours. Proteins were semi-dry transferred onto a
nitrocellulose membrane at 20 V for 30 min. HA detection was performed using a 1:500 dilution
of anti-HA-HRP (Roche 3F10). Films were exposed for 1 min., 5 min., or 1 hr.
Yeast 2-hybrid
The pENTR Les23 and Slm1-Va35 plasmids were transferred into pDEST22 and pDEST32
vectors using the LR reaction and then transformed into yeast as described by the ProQuestTM
Two-Hybrid System manual (Invitrogen). The yeast was grown on –Leu, –Trp YPAD plates to
select colonies containing the vectors. Colonies were additionally screened using pDEST primers
to confirm vector and gene presence. The yeast was then transferred to plates either lacking
uracil or containing 5FOA or 3AT or an YPAD plate for the X-gal assay. The 5FOA and 3AT
plates were replica cleaned after transfer and then all plates were incubated at 30°C for 24 hours.
The X-gal assay was performed as specified in the manual while the –uracil, 5FOA, and 3AT
plates were replica cleaned again and incubated at 30°C for 48 hours.
Co-Immunoprecipitation
Six leaf discs were taken 30 hours post infiltration and frozen immediately in liquid nitrogen.
The discs were ground into a fine powder and 200 µL of protein extraction buffer [20 mM TrisHCl (pH 8.0), 150 mM NaCl, 1 mM EDTA (pH8.0), 1% Triton X-100, 40 μM MG132, and 1×
plant protein protease inhibitor mixture (Sigma-Aldrich)] was added. Samples were centrifuged
at 14,000g for 10 min. at 4°C. 175 µL of supernatant was added to washed magnetic HA beads
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(Thermo Scientific catalog # 88836). The remaining 25 µL was mixed with 25 µL 2x Laemmli
buffer and boiled at 95°C for 10 min to use for the total lysate fraction. The Co-IP was
performed as detailed in the manual and the proteins were eluted with 100 µL of 2x Laemmli
buffer and boiled at 95°C for 10 min. The Western blot was performed as described above. T7
detection was performed using a 1:2000 dilution of anti-T7 (Novagen product # 69522) and a
1:3000 dilution of secondary mouse antibody.
Confocal Microscopy
N. benthamiana plants were infiltrated with empty GFP vector, GFP-LES23, and SLM1-Va35RFP. Leaf discs were taken 30 hours post infiltration for confocal microscopy. Samples were
observed on a Nikon A1Rsi microscope. GFP was excited at 488 nm and RFP was excited at 561
nm.
Results
les23 Lesions are Temperature Sensitive
Many lesion mimic mutants have been found to be temperature dependent, with lesion
formation inhibited at high temperatures or promoted at low temperatures (Noutoshi et al. 2005;
Huang et al. 2010; Negeri et al. 2013). Therefore, we tested whether les23 was similarly
temperature dependent. Plants grown in a growth chamber set at 35°C/31°C day/night failed to
develop lesions whereas plants grown in the greenhouse where temperatures fluctuated between
25-35°C developed lesions normally. When plants were moved from the growth chamber to the
greenhouse and vice-versa, the previously phenotypically WT plants started to develop lesions
and the plants that already had lesions failed to develop additional lesions (Figure 2.1).
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Figure 2.1: Lesion phenotypes of the 6th leaf of les23 plants grown in the greenhouse or growth
chamber. Plants that stayed in the high temperature growth chamber failed to develop lesions
while plants that stayed in the greenhouse developed normal lesions. Plants that were moved
from the growth chamber to the greenhouse begin to develop lesions while plants that were
moved from the greenhouse to the growth chamber cease developing further lesions.

Map-based Cloning of les23 Reveals it to be a Homolog of RIN4
To uncover the identity of les23, we used a map-based cloning approach in collaboration
with Pioneer. Using INDEL markers, the les23 QTL was narrowed down to a 6 Mb interval near
the centromere (Figure 2.2). Further narrowing of the region failed due to a lack of
recombination. This region contained 64 genes with one gene annotated as RIN4
(GRMZM2G027272).
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Figure 2.2: Fine mapping les23. The tick marks represent locations of INDEL markers while the
red numbers above indicate the number of recombinants.

Because RIN4 is known to be involved in defense, and the lesions of les23 resemble HR,
we sequenced the gene annotated as RIN4 in les23 which revealed a C to T transition at position
56 of the cDNA, characteristic of EMS mutagenesis, that resulted in a proline to leucine
conversion at position 19 when compared to WT plants and B73, henceforth referred to as les23ref. Although the RIN4 sequence is not highly conserved, this proline residue is highly conserved
across many different species (Figure 2.3). Interestingly, the Les23-Va35 allele contains a C254T
transition that converts serine to phenylalanine at position 85 that is not present in les23-ref or
B73. This amino acid change does not seem to have an effect as Va35 does not develop lesions.
One possibility for this lack of effect is that the serine is not in a well conserved region.
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Figure 2.3: Partial sequence alignment of RIN4 amino acid sequence across 10 species. The
conserved proline residue is highlighted in yellow and the mutation to leucine highlighted in
green. The serine that is a phenylalanine in Les23-Va35 is highlighted in teal.

To confirm the identity of les23, new alleles were generated by crossing les23 to Mu
active lines (Figure 2.4A). A non-complementation screen identified two new alleles of les23,
designated les23-2 and les23-3, that contained Mu insertions 890 and 490 bp upstream of the
ATG start site respectively (Figure 2.4B). Two additional Mu insertions (les23-4 and les23-5)
were found in exon 3 via screening a large library of F2 families derived from Mu active plants.
These also failed to complement les23-ref.
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Figure 2.4: Gene model of Les23 and phenotypes of les23-2 and les23-3. (A) The boxes
represent exons while the lines are introns. Relative positions of additional alleles are shown as
triangles. (B) les23-2 in homozygous condition develops lesions similar to les23-ref
and les23-3 fails to complement les23-ref.

Finally, one plant that was genotypically les23-ref/les23-3 developed a clonal somatic
WT sector on two adjacent leaves (Figure 2.5). Extracting DNA from this WT sector and
genotyping with a TIR6 primer revealed that the Mu insertion had disappeared. Sequencing the
PCR product from primers flanking the Mu insertion site revealed a 3 bp duplication where the
Mu element should have been. Taken together, these results confirm that LES23 is a homolog of
RIN4.
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Figure 2.5: WT sector on a les23-ref/les23-3 plant. The white arrows indicate the WT sector.

Structure of LES23
LES23 shares only 30% identity with RIN4, but LES23 contains both conserved nitrateinduced domains (NOI). LES23 also shares several sequence motifs with RIN4: RCS1 (RIN4
Cleavage Site 1), RCS2 (RIN4 Cleavage Site 2), and C-terminal cysteine residues (Figure 2.6).
RIN4 has been shown to be an intrinsically disordered protein with small regions of order around
the NOI domains and C-terminal cysteine residues (Sun et al. 2014; Lee et al. 2015). Submitting
LES23 to PrDOS (Ishida & Kinoshita 2007) predicted that LES23 was also mostly disordered
(Figure 2.7A). Submitting LES23-ref’s sequence showed a slightly different disorder/order
prediction (Figure 2.7B), while LES23-Va35 gave an almost identical disorder/order prediction
(Figure 2.7C). The advantage of being an intrinsically disordered protein is that it can bind to
many different proteins by changing its disordered regions into temporarily ordered regions (Sun
et al. 2014). RIN4 has been shown to interact with many different proteins (Mackey et al. 2002;
Axtell & Staskawicz 2003; Mackey et al. 2003; Wilton et al. 2010; Liu et al. 2009), therefore, it
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is possible that the mutation in LES23-ref causes a structural change that impacts its ability to
interact with other protein(s). Further support for this hypothesis comes from the fact that the
mutation in les23-ref is in the ordered N-NOI domain. It has been shown that mutations in the
ordered C-terminal region of RIN4 abolish its interaction with RPS2 (Day et al. 2005), thus it
would be reasonable to suppose that mutations in the ordered N-NOI domain may cause similar
effects.

Figure 2.6: Amino Acid sequence alignment of Arabidopsis RIN4, LES23-WT, and LES23-Mut.
The N-NOI domain is highlighted in yellow, the C-NOI domain is highlighted in cyan, and the
C-terminal cysteine residues are highlighted in green. RCS1 and RCS2 are underlined and
labeled. The P19L mutation in LES23-Mut is bolded and marked with an asterisk.
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Figure 2.7: Protein disorder prediction for LES23-WT, LES23-ref, and LES23-Va35. Protein
sequences were submitted to PrDOS (http://prdos.hgc.jp/cgi-bin/top.cgi) to predict regions of
disorder. Amino acids in red are predicted to be disordered and amino acids in black are
predicted to be ordered. The graphs show the probability that each amino acid is disordered or
ordered. Amino acids above the red line are predicted to be disordered. A: LES23-WT, B:
LES23-ref, C: LES23-Va35

RNA-seq of les23 Reveals Upregulated Defense Responses
The development of lesions that eventually turn necrotic in les23 resemble HR,
suggesting that defense responses are being inappropriately upregulated. To test this hypothesis,
we performed an RNA-seq experiment comparing WT and mutant plants. Genes were
considered differentially expressed if the log2fold change was ≥ 1 or ≤ -1. Under these criteria,
8,328 genes were differentially expressed and of those, 4,920 genes were upregulated in the
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mutant and 3,408 genes were downregulated. Entering these genes into MapMan showed a high
upregulation of secondary metabolism in the les23 mutant and slight downregulation of genes
involved in the light reactions of photosynthesis (Figure 2.8). Taking a closer look at secondary
metabolism reveals that many genes in the phenylpropanoid, flavonoid, and lignin pathways are
upregulated (Figure 2.9). The phenylpropanoid pathway can give rise to many anti-microbial
compounds such as phytoanticipins and phytoalexins (Naoumkina et al. 2010). Flavonoids can
inhibit various processes in pathogens such as damaging bacterial cell membranes (Naoumkina
et al. 2010). Lignin production can strengthen cell walls to prevent pathogen penetration. Many
genes in the early steps of the phenylpropanoid pathway such as PAL (phenylalanine ammonialyase), C4H (cinnamate-4-hydroxylase), and 4CL (4-coumarate: CoA ligase) were highly
induced. Genes involved in lignin biosynthesis such as HCT (hydroxycinnamoyltransferase) and
CCoAOMT (caffeoyl CoA O-methyltransferase) were also highly induced (Table 2.1).
Several defense genes are upregulated such as chitinases, PR (Pathogenesis related)
genes, and NLRs (Table 2.2). A few of these NLRs are annotated as RPM1, but most are
described only as NBARC-containing disease resistance protein. Many transcription factors
involved in defense gene regulation are also upregulated (Figure 2.10, Table 2.3). MYB
transcription factors generally regulate synthesis of phenylpropanoid compounds (Liu et al.
2015). WRKYs are involved in many processes, but are known for being involved in biotic and
abiotic stresses (Pandey & Somssich 2009).
Salicylic acid (SA) and jasmonic acid (JA)/ethylene are phytohormones that are involved
in defense against biotrophs and necrotrophs respectively and are generally antagonistic to each
other (Mur et al. 2006). Several genes involved in SA signaling/metabolism are upregulated
(Table 2.4). Interestingly, the only maize homolog found to ICS (isochorismate synthase),
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GRMZM2G022837, was slightly downregulated. ICS converts chorismate into isochorismate in
the first step of the ICS pathway for SA biosynthesis (Dempsey et al. 2011). Many JA
biosynthesis genes are downregulated or not differentially expressed while several JAZs
(jasmonate ZIM-domain) are upregulated (Table 2.5). JAZs are repressors of JA signaling
(Pauwels & Goossens 2011).

Figure 2.8: Metabolic Overview of les23 vs WT. The log2fold change values of differentially
expressed genes were analyzed using MapMan. Blue indicates upregulation in les23 while red
indicates downregulation in les23.
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Figure 2.9: Secondary metabolism of les23 vs WT. The log2fold change values of differentially
expressed genes were analyzed using MapMan. Blue indicates upregulation in les23 while red
indicates downregulation in les23.
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Figure 2.10: Transcription factors in the WRKY, MYB, bHLH, and bZIP families are
upregulated.

Table 2.1. Phenylpropanoid pathway genes are generally highly upregulated
Gene ID

Gene Name

GRMZM2G334660
GRMZM2G063917
GRMZM2G170692
GRMZM2G118345
GRMZM2G160541
GRMZM2G029048
GRMZM2G074604
GRMZM2G081582
GRMZM2G147245
GRMZM2G139874
GRMZM2G010468
GRMZM2G075333
GRMZM2G048522

PAL
PAL
PAL
PAL
PAL
PAL
PAL
PAL
C4H
C4H
C4H
4CL
4CL

Log2fold
change
7.82
6.42
6.24
5.79
4.87
4.53
4.18
2.91
7.52
2.92
1.91
3.38
2.79

padj
6.42E-171
8.64E-11
1.06E-124
2.93E-72
3.38E-24
1.79E-228
1.16E-77
1.26E-33
1.90E-45
6.20E-108
3.63E-23
1.88E-117
9.25E-39
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GRMZM2G174732
GRMZM2G114918
GRMZM2G061806
GRMZM2G127251
GRMZM2G089698
GRMZM2G125448
GRMZM2G030436
GRMZM2G307437
GRMZM2G035584
GRMZM2G158083
GRMZM2G131165
GRMZM2G127948
GRMZM2G332522
GRMZM2G099363

4CL
HCT
HCT
HCT
HCT
HCT
HCT
HCT
HCT
HCT
HCT
CCoAOMT
CCoAOMT
CCoAOMT

1.67
8.72
8.54
6.97
5.66
4.93
4.35
4.30
2.42
2.14
-1.09
4.11
3.21
1.56

1.62E-20
7.59E-34
1.97E-185
1.63E-15
2.56E-198
0.000558
1.91E-63
4.21E-13
7.81E-35
1.28E-41
8.01E-06
1.59E-152
0.000391
1.83E-32

Table 2.2. Defense Genes are Upregulated
Gene ID

Gene Name

GRMZM2G117989
GRMZM2G117971
GRMZM2G402631
GRMZM2G002555

PR4
PR4
PR5
PR5-like
PR10
putative
PR gene
Chitinase
Chitinase
Chitinase
Chitinase
glycosyl
hydrolase
glycosyl
hydrolase
MPK3
MPK3
MPK4
An2
Les23
R gene
R gene
R gene

GRMZM2G075283
GRMZM2G112488
GRMZM2G358153
GRMZM2G162505
GRMZM2G057093
GRMZM2G129189
GRMZM2G065585
GRMZM2G453805
GRMZM2G017792
GRMZM2G053987
GRMZM5G878379
GRMZM2G044481
GRMZM2G027272
GRMZM2G077937
GRMZM2G167049
GRMZM2G070503

Log2fold
change
7.49
6.55
7.94
2.77

1.78E-136
4.88E-208
9.92E-220
2.59E-31

9.40

1.92E-57

9.01
6.29
3.53
2.08
4.05

1.67E-150
1.98E-245
7.20E-58
4.88E-47
3.49E-11

7.00

1.43E-34

5.87

4.05E-304

2.85
1.54
1.21
8.66
1.03
1.04
1.11
1.31

3.21E-54
2.62E-18
4.42E-07
2.36E-97
2.26E-13
3.07E-07
2.69E-09
2.22E-06

padj
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GRMZM2G047152
GRMZM2G033519
GRMZM2G474092
GRMZM2G047652
GRMZM2G308064
GRMZM2G440849
GRMZM5G819919
GRMZM2G169584
GRMZM2G116335
GRMZM2G469414
GRMZM2G079082
GRMZM2G028713
GRMZM2G163507
GRMZM2G038449
GRMZM2G327659
GRMZM2G101513
GRMZM2G060714
GRMZM2G169571
GRMZM2G091672
GRMZM2G012933
GRMZM2G032602
GRMZM2G128693
GRMZM2G081458
AC213769.3_FG001
GRMZM5G827121
GRMZM2G101527
GRMZM2G026189
GRMZM2G176403

R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
Slm1
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene
R gene

1.33
1.58
1.70
1.74
1.77
2.24
2.28
2.29
2.45
2.52
2.56
2.82
3.40
3.56
3.58
3.80
4.12
4.21
4.57
4.78
4.83
5.51
6.20
7.17
7.28
18.46
20.81
22.59

2.91E-11
6.30E-09
2.72E-23
2.07E-21
8.93E-16
1.61E-09
5.01E-11
1.72E-17
1.52E-05
8.39E-10
2.11E-22
4.05E-14
2.72E-23
0.000168
5.96E-34
0.049086
1.33E-74
5.71E-17
2.12E-21
3.78E-11
9.51E-12
2.20E-24
2.33E-09
6.57E-45
1.50E-06
0.032955
1.22E-08
8.60E-08

Table 2.3. Transcription Factors Involved in Defense Pathways are Upregulated
Gene ID

Gene Name

GRMZM2G160840
GRMZM2G117244
GRMZM2G095904
GRMZM2G143046
GRMZM5G833253
GRMZM2G000818
GRMZM2G051256

MYB112
MYB60
MYB15
MYB112
MYB63
MYB4
MYB12

Log2fold
change
7.63
6.00
3.65
3.34
2.76
1.23
1.05

padj
1.77E-78
1.45E-08
4.87E-13
9.50E-24
0.005253347
0.000296367
0.000144475
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GRMZM2G045748
GRMZM2G099593
GRMZM2G381378
GRMZM2G004060
GRMZM2G148087
GRMZM2G169149
GRMZM2G408462
GRMZM2G411766
GRMZM2G163418
GRMZM2G400559
GRMZM5G812272

MYB30
WRKY70
WRKY70
WRKY70
WRKY33
WRKY18
WRKY53
WRKY53
WRKY53
WRKY38
WRKY28

-1.22
6.12
5.90
2.17
3.69
5.69
4.58
4.21
2.27
7.20
2.31

0.003585723
3.56E-08
2.45E-176
1.78E-08
4.78E-31
1.65E-197
3.10E-19
3.45E-12
8.72E-06
2.52E-31
1.11E-10

Table 2.4. SA-related genes are generally upregulated
Gene ID

Gene Name

GRMZM2G022837
GRMZM2G077197
GRMZM2G076450
GRMZM2G126749
GRMZM2G022972
GRMZM2G050234
GRMZM2G078465
GRMZM2G065617
GRMZM2G171548
AC205274.3_FG001
GRMZM2G465226
GRMZM2G440003
GRMZM2G086702
GRMZM2G126367
GRMZM2G152739

ICS2
NPR1
NPR3
SARD1
SARD1
2-OG
UGT74F1
UGT74F2
UGT74F2
PR1
PR1
MES1
MES1
MES1
PAD4

Log2fold
change
-0.55
0.96
0.74
5.10
3.62
6.13
6.49
5.03
-1.15
9.95
6.84
3.44
2.90
2.15
2.00

padj
0.01227256
7.63E-07
6.60E-08
7.86E-106
0.00037517
6.55E-73
6.06E-80
1.69E-34
0.00337867
7.73E-83
5.74E-186
1.26E-32
0.0299168
0.00557889
2.62E-27

Table 2.5. JA related genes are generally unchanged
Gene ID

Gene Name

GRMZM2G148281
GRMZM2G082087
GRMZM2G091276
GRMZM2G162413

OPR7
OPR8
JAR1a
JAR1b

Log2fold
change
0.11
0.36
0.17
-0.09

padj
0.647105
0.088212
0.410573
0.616081
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GRMZM5G822593
GRMZM2G109130
GRMZM2G070092
GRMZM2G104843
GRMZM2G017616
GRMZM2G015419
GRMZM2G009479
GRMZM2G106748
GRMZM5G822593
GRMZM2G445634
GRMZM2G036351
GRMZM2G173596
GRMZM2G101769
GRMZM5G838098

LOX2
LOX3
LOX7
LOX8
LOX9
LOX10
LOX11
LOX12
LOX13
JAZ5
JAZ6
JAZ7
JAZ11
JAZ12

6.62
2.38
0.50
1.06
1.49
-0.79
-0.33
-0.01
6.62
2.50
4.07
4.38
1.15
6.82

4.36E-202
1.01E-21
0.724983
6.84E-06
1.67E-14
1.31E-12
0.072955
0.963176
4.36E-202
2.18E-20
6.61E-11
1.26E-11
5.31E-11
4.35E-26

An ICS Mu Line is Yellow, Stunted, and can Delay les23 Lesion Formation
Our RNA-seq data suggested that SA is involved in the les23 phenotype. As such, we
wondered if mutants with reduced SA levels would suppress lesion formation. We ordered a
Uniform Mu line (UFMu-03865) containing a Mu insertion in the last exon of the maize
homolog of ICS2 (GRMZM2G022837). We crossed this line to les23-ref and generated a F2
population. We found that plants that were homozygous for the Mu insertion were yellow and
stunted and eventually died (Figure 2.11A). Double mutants were similarly yellow and stunted
and did not develop lesions initially. Later in the season, some mild lesions started to develop
(Figure 2.11B).
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Figure 2.11: Phenotypes of homozygous ICS Mu and les23-ref, ICS Mu double homozygote
plants. (A) A homozygous ICS Mu plant. (B) A les23-ref, ICS Mu double homozygous plant.

Map-Based Cloning of slm1 Reveals it to be a NLR
A previous study found that the les23 mutant could be suppressed in a dosage dependent
manner by the QTL slm1 from Mo20W (Penning et al. 2004). The authors hypothesized that the
Mo20W allele of slm1 was somehow superior to the Va35 allele. To reveal the identity of slm1,
the Mo20W allele of slm1 was introgressed into les23-ref via nine generations of backcrossing.
In collaboration with Pioneer, a BC8 F2 population was used to fine map slm1. 12,000 plants
were phenotyped for lesion suppression and genotyped using markers that flanked slm1. This
process narrowed the QTL region down to 13.6 kb which was found to contain only one gene
(GRMZM2G079082). This gene model was annotated as a NLR gene. Sequencing this gene in
Mo20W revealed a CT insertion 824 bp downstream of the ATG start site and a GAC insertion
2001 bp downstream of the ATG start site (Figure 2.12). The CT insertion causes a reading
frame shift which results in 57 incorrect amino acids before reaching a premature stop codon.
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We also sequenced the Slm1-Va35 and found that it differed from Slm1-B73 by one base pair
which results in one amino acid change: G727D.
To confirm the identity of slm1, we generated two new alleles using EMS mutagenesis
(slm1-1 and slm1-2). Sequencing these two alleles found a G to A transition at position 2,018 and
2,143 for slm1-1 and slm1-2 respectively. Co-segregation analysis of both alleles found that both
acted in an identical dosage dependent manner as Slm1-Mo20W (Figure 2.13). These results
suggest that we have cloned the correct gene.

Figure 2.12: Fine mapping slm1 and its underlying gene structure. (A) The tick marks represent
locations of INDEL markers while the red numbers above indicate the number of recombinants.
(B) Gene model of Slm1. The boxes represent exons while the lines are introns. Relative
positions of insertions in the Mo20W allele are shown with triangles.

50

Figure 2.13: Dosage dependency of slm1-2. Left: 2 copies of slm1-2 results in a phenotypically
WT leaf. Middle: 1 copy of slm1-2 results in an intermediate lesion phenotype. Right: 0 copies of
slm1-2 results in a normal les23 phenotype.

Transient Expression in N. benthamiana Reveals SLM1 to be Autoactive
The finding that Slm1-Mo20W was a truncated R gene disagreed with the prior
hypothesis on the ability of the Mo20W allele to suppress les23 (Penning et al. 2004). Rather
than being superior to the Va35 allele, the Mo20W allele appeared to be inferior as the premature
truncation suggested a non-functional protein. These new data suggested that SLM1-Va35 may
be autoactive in the absence of LES23. To test this hypothesis, we cloned Slm1-Va35, Slm1Mo20W, Les23, and les23-ref into the pGWB2 vector. These constructs were then transformed
into Agrobacterium and infiltrated into N. benthamiana. An autoactive mutant allele of RPM1
(RPM1 D505V) (Gao et al. 2011) was used as a positive control for cell death induction. SLM1Va35 caused cell death around 2-3 days after infiltration while SLM1-Mo20W had no effect
(Figure 2.14). Neither LES23 nor LES23-ref gave any phenotype. When SLM1-Va35 and
LES23 were co-expressed, the cell death mediated by SLM1 was suppressed. However, LES23-
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ref was not able to suppress SLM1-mediated cell death. As expected, co-expressing SLM1Mo20W with either LES23 or LES23-ref had no effect (Figure 2.14). RIN4 has been shown to be
able to suppress RPM1(D505V)-mediated cell death (Gao et al. 2011). Although LES23 is a
homolog of RIN4, it was not able to suppress RPM1(D505V)-mediated cell death, demonstrating
that LES23 is specific in suppressing SLM1-mediated cell death. We also checked whether
LES23-Va35 could suppress SLM1-mediated cell death and found that it could (Figure 2.15).

Figure 2.14: Transient expression of LES23 and SLM1 in N. benthamiana recapitulates the
genetic relationships observed in maize. Genotypes of the constructs correspond to the numbers
adjacent to each circle as follows: 1. RPM1(D505V); 2. pGWB2 empty vector; 3. SLM1-Va35;
4. SLM1-Mo20W; 5. LES23; 6. LES23-ref; 7. LES23 + SLM1-Va35; 8. LES23-ref + SLM1Va35; 9. LES23 + SLM1-Mo20W; 10. LES23-ref + SLM1-Mo20W; 11. RPM1(D505V) +
LES23; 12. RPM1(D505V) + LES23-ref.
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Figure 2.15: LES23-Va35 can suppress SLM1-mediated cell death. Constructs are as follows: 1.
pGWB2 empty vector; 2. SLM1-Va35; 3. LES23-Va35; 5. LES23-Va35 + SLM1-Va35

It is possible that LES23-ref fails to suppress SLM1-Va35-mediated cell death and
SLM1-Mo20W fails to induce cell death due to a lack of expression. To check expression of
SLM1 and LES23, they were cloned into pGWB14 and pGWB15 vectors containing a Cterminal 3xHA tag and a N-terminal 3xHA tag respectively. While these tags did not interfere
with SLM1-Va35-mediated cell death or LES23’s ability to suppress said cell death (Figure
2.16A), it was found that N-terminal tags eliminated SLM1-Va35-mediated cell death and Cterminal tags eliminated LES23’s ability to suppress cell death (Data not shown). Initial attempts
detected LES23 but failed to detect SLM1, which we attributed to low expression. To solve this
issue, we increased the antibody concentration to 1:500 dilution. Western blotting showed that
both bands corresponding to SLM1-Va35, SLM1-Mo20W, LES23, and LES23-ref were all
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detected after 5 min. exposure (Figure 2.16B). It was difficult to resolve SLM1-Mo20W from
LES23 since they are similar in size and the high antibody concentration causes their signals to
bleed into each other (Figure 2.16B, lanes 6 & 7). Nonetheless, all proteins were found to be
expressed, demonstrating that the phenotypes observed are not due to lack of expression of any
protein.

Figure 2.16: Transient Expression of LES23 and SLM1 with 3xHA tags. (A) Genotypes of the
constructs correspond to the numbers adjacent to each circle as follows: 1. pGWB14 EV; 2.
SLM1-Va35-3xHA; 3. SLM1-Mo20W-3xHA; 4. SLM1-Va35-3xHA + 3xHA-LES23; 5. SLM1Va35-3xHA + 3xHA-LES23-ref; 6. SLM1-Mo20W-3xHA + 3xHA-LES23; 7. SLM1-Mo20W3xHA + 3xHA-LES23-ref. (B) Western blot of LES23 and SLM1. The film was exposed for 5
min. Numbers 1-7 correspond to the tests in (A). Ponceau S stain shows equal loading.
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LES23 and SLM1-Va35 Interact
The results in N. benthamiana indicate that Les23 and Slm1-Va35 interact genetically. To
determine whether the proteins physically interact, we initially did a yeast 2-hybrid assay (Figure
2.17). The yeast 2-hybrid gave a negative result for interaction between the two proteins which
may have been due to lack of expression or localization of the proteins. However, coimmunoprecipitation of proteins expressed in N. benthamiana showed that LES23 and SLM1Va35 did interact but not LES23-ref and SLM1-Va35 (Figure 2.18).

Figure 2.17: SLM1-Va35 and LES23 do not interact in yeast. (A) The positions of the various
constructs on the plates in B-E. pEXP32:Krev1 & pEXP22: RalGDS-WT is a strong interaction
positive control. pEXP32:Krev1 & pEXP22: RalGDS-m1 is a weak interaction positive control.
pEXP32:Krev1 & pEXP22: RalGDS-m2 is a negative control. (B) The master plate lacking any
selection agent, showing all construct combinations are viable in yeast. (C) Yeast grown on
media lacking histidine. (D) Yeast grown on media lacking uracil. (E) X-gal assay after 24 hours,
where blue color indicates an interaction.

55

Figure 2.18: LES23 and SLM1-Va35 interact in a Co-IP. A representative leaf is shown. The
constructs are as follows: 1. 3xHA-LES23 + SLM1-Va35-T7; 2. 3xHA-LES23-ref + SLM1Va35-T7; 3. 3xHA-LES23 + empty T7 vector; 4. Empty HA vector + SLM1-Va35-T7. HAtagged LES23 was bound using anti-HA magnetic beads and then eluted. The top row shows
Western blots of the elution fraction probed with anti-HA or anti-T7 antibodies. The total lysate
fraction detected LES23 but did not detect SLM1. But, SLM1 is likely expressed given the HR
seen in 2 and 4. The lane numbers correspond to the constructs expressed in the leaf. Ponceau S
shows equal loading of lanes. The Co-IP was repeated twice with similar results.

To resolve the contradictory results between yeast 2-hybrid and Co-IP, confocal
microscopy was used to look at the localization of LES23 and SLM1. Both LES23 and LES23ref appeared to localize to the plasma membrane, although we cannot rule out some presence in
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the cytoplasm as well (Figure 2.19). SLM1 appeared to localize to the cytoplasm/plasma
membrane like LES23 as well as the nucleus. To check plasma membrane localization, we coexpressed a known plasma membrane protein PLC2 (Gao et al. 2011) with LES23-WT (Figure
2.20). The overlap is not absolute, but we believe this may be an artifact of the lambda scan.
Thus, we are fairly confident that LES23 and SLM1 localize at the plasma membrane, but we
cannot rule out the possibility of some protein in the cytoplasm as well. We attempted to confirm
nuclear localization of SLM1 with a DAPI (4',6-diamidino-2-phenylindole) stain, but
unfortunately the confocal microscope we used did not contain the laser with the wavelength
necessary to visualize DAPI.

Figure 2.19: Confocal microscopy shows localization of LES23 and SLM1. (A) Empty GFP
vector, (B) LES23-WT, (C) LES23-ref, (D) SLM1-Va35, (E) LES23-WT tagged with GFP, (F)
Merge of LES23-WT and SLM1-Va35, (G) SLM1-Va35 tagged with RFP. White arrows point
to the nucleus.
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Figure 2.20: Confocal microscopy of PLC2 and LES23. (A) PLC2 alone, (B) Merge of PLC2
and LES23, (C) LES23 alone.
Discussion
Many lesion mimic mutants have been found to be light and/or temperature dependent
(Hu et al. 1998; Brodersen et al. 2002; Penning et al. 2004; Yang et al. 2004; Huang et al. 2010;
Negeri et al. 2013). They generally are phenotypically WT when their leaves are covered by
aluminum foil or at high temperatures. The light dependency has been attributed to the reactive
intermediates that certain lesion mimic mutants accumulate (Hu et al. 1998; Pruzinská et al.
2003). These reactive intermediates become excited upon exposure to light and generate
damaging ROS which account for the necrotic lesions. High temperatures have recently been
shown to suppress certain defense pathways. In Arabidopsis, temperatures of 28℃ supported
more bacterial growth when compared to temperatures of 22℃. The bacteria were not shown to
grow intrinsically faster at 28℃ and were not any more virulent thus suggesting a suppression of
plant basal defenses at high temperature (Wang et al. 2009). ETI is also delayed at high
temperatures as Wang et al. noticed a delay in HR in Arabidopsis plants infected with P.
syringae carrying avrRpt2 at 28℃. At 30℃, N. benthamiana plants expressing the NLR, Rx, and
its elicitor, Potato virus X coat protein, failed to develop HR at all. A second study similarly
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found that RPM1- and RPS2-mediated defense responses were inhibited at temperatures above
28℃ (Cheng et al. 2013).
It is not well understood why or how defense responses are inhibited at high
temperatures, but one study suggests that NLRs themselves are responsible. Zhu et al. found that
mutations in SNC1 and N, two NLRs which normally are inhibited at high temperatures, could
induce defense responses at high temperatures (Zhu et al. 2010). The ability of the SNC1 and N
mutants to induce defense at high temperatures was due to their ability to localize in the nucleus
at high temperatures. Our findings that les23 lesions are caused by the autoactive NLR SLM1
and suppressed at high temperatures (Figure 2.1) lend support to the idea that NLRs are
temperature sensitive. SLM1 localizes to both the cytoplasm and nucleus, but it is unknown
whether nuclear localization is important for SLM1 activity or if high temperatures prevent
nuclear localization. The fact that plant defense responses are inhibited at high temperatures
bodes ill for future food production as temperatures are predicted to rise due to global climate
change.
Our RNA-seq data strongly suggests that les23-ref is undergoing a defense response.
Inputting differentially expressed genes into Mapman found that many secondary metabolism
genes were upregulated while genes involved in the light reactions are downregulated. These
results were similar to those found in maize when infected by Pantoea stewartii ssp. stewartii
(Pnss) (Asselin et al. 2015) and when infected by Fusarium verticillioides (Lanubile et al. 2014).
In particular, the phenylpropanoid pathway is upregulated. Consistent with this is the fact that
many MYB transcription factors, which are involved in regulating phenylpropanoid pathway
genes (Liu et al. 2015), are upregulated. The phenylpropanoid pathway is involved in the
biosynthesis of lignin as well as anti-microbial compounds such as glucosinolates, phytoalexins,

59
and flavonoids (Naoumkina et al. 2010). Many PAL genes are highly upregulated in les23-ref
and expression of PAL genes is correlated with resistant to Meloidogyne incognita (Starr et al.
2014). PAL catalyzes the first step in the phenylpropanoid pathway but is also involved in SA
biosynthesis (Dempsey et al. 2011). Plants have two pathways for synthesizing SA: ICS and
PAL. ICS has been shown to be the main pathway for SA biosynthesis in Arabidopsis
(Wildermuth et al. 2001). Arabidopsis contains two ICS genes: ICS1 and ICS2 of which ICS1 is
responsible for the majority of SA biosynthesis (Garcion et al. 2008). ics1 mutants accumulate
only 10% of SA found in WT plants while isc2 mutants accumulated nearly WT levels of SA
(Garcion et al. 2008). ics1 ics2 double mutants still accumulate a small amount of SA, indicating
that there is another biosynthesis pathway for SA (PAL pathway). Maize appears to only have a
homolog of ICS2 and it was found to be slightly downregulated. A homozygous Mu insertion
line of maize ICS2 had yellow leaves and was stunted in growth. This phenotype is similar to
that found in Arabidopsis ics1 ics2 double mutants (Garcion et al. 2008). A ics2 les23-ref double
mutant was found to be delayed in lesion formation. We cannot say if this delay was due to
reduction of SA levels or due to lower chlorophyll content as some lesion mimic mutants have
been suppressed when crossed to the Oil Yellow 1 (Oy1) mutant, which is deficient in
chlorophyll biosynthesis and results in yellow leaves (Yang et al. 2004).
While the PAL pathway appears to account for only small amounts of SA biosynthesis, it
is nevertheless important in defense responses (Wildermuth et al. 2001). In addition, it is
unknown if the ICS pathway is the predominant pathway for SA biosynthesis in maize. In other
species such as cucumber and pepper, it has been shown that the PAL pathway plays a key part
in producing SA during pathogen attack (Meuwly et al. 1995; Kim & Hwang 2014). As several

60
SA response genes were upregulated, most notably PR1, our results suggest that the PAL
pathway may be the primary pathway of SA biosynthesis in maize.
In contrast, many JA-related genes were generally not upregulated. Considering that SA
and JA generally act antagonistically (Mur et al. 2006), this is not surprising. Maize LOX12, an
important regulator of JA biosynthesis (Christensen et al. 2014), was not differentially expressed.
OPR7 and OPR8 encode for two enzymes involved in the penultimate step of JA biosynthesis
(Borrego & Kolomiets 2016) and were also not differentially expressed. In contrast, LOX3, an
inhibitor of JA biosynthesis (Gao et al. 2008) was found to be upregulated in les23-ref. JAZs
(Jasmonate ZIM domain) are repressors of JA signaling (Pauwels & Goossens 2011), and several
JAZs were found to be upregulated. Taken together, these results suggest that JA pathways are
playing a minimal role in les23-ref.
Further support that les23-ref is undergoing a defense response was the upregulation of
many NLRs (Table 2.2). NLRs have also been found to increase in expression in maize infected
with Fusarium verticillioides (Lanubile et al. 2014), in the lesion mimic mutant Rp1-D21 (Wang,
He, et al. 2015), and in peach leaves infected with Xanthomonas arboricola pv. pruni (SocquetJuglard et al. 2013). The finding that Slm1 increases 5-fold while Les23 increases only 2-fold
suggests that the additional SLM1 overwhelms the amount of LES23 needed to keep it quiescent.
It is unknown why so many NLRs are upregulated as overexpression of a single NLR should be
sufficient to induce HR. One possibility is that having numerous NLRs upregulated increases the
signaling amplitude and leads to stronger defense responses.
Two recent studies found that genes involved in lignin biosynthesis can suppress the
autoactive NLR Rp1-D21 (Wang, He, et al. 2015; Wang & Balint-Kurti 2016). HCT
(hydroxycinnamoyltransferase) and CCoAAOMT (caffeoyl CoA O-methyltransferase) were
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found to be upregulated in a RNA-seq experiment and were found to suppress Rp1-D21mediated HR by physically interacting with the NLR. Despite there being many homologs of
HCT and CCoAAOMT in maize, only two HCT genes (GRMZM2G061806, GRMZM2G114918)
and 1 CCoAAOMT gene (GRMZM2G099363) was capable of suppressing Rp1-D21 (Wang, He,
et al. 2015; Wang & Balint-Kurti 2016). The authors propose that these genes may act as decoys
for effectors to target, which then trigger Rp1-mediated resistance. Our RNA-seq data was
remarkably similar to Rp1-D21’s RNA-seq data (Wang, He, et al. 2015). Regression analyses of
the changes in expression for genes identified as differentially expressed in both experiments
showed a R2 of 0.80 and 0.79 for the comparisons between les23-ref and Rp1-D21 in Mo17/H95
hybrid and B73/H95 hybrid backgrounds, respectively (Figure 2.21).

Figure 2.21: Correspondence between differentially expressed genes in Rp1-D21 autoactive NLR
mutants and les23-ref mutants indicating the gene expression changes in les23-ref match the
genetically induced HR in Rp1-D21.
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Our results in N. benthamiana have led to the following model for LES23/SLM1 (Figure
2.22). Under normal conditions, SLM1-Va35 is prevented from activating HR by LES23 via a
direct interaction. If LES23 is mutated, it loses its ability to interact with SLM1 and SLM1-Va35
is free to initiate HR. However, if SLM1 itself is non-functional as in the Mo20W allele, the
status of LES23 is immaterial as SLM1 can no longer induce HR. This model is very similar to
the Arabidopsis RIN4/RPS2 model where RPS2 activates HR in the absence of RIN4 or if RIN4
is mutated to prevent interaction with RPS2 (Day et al. 2005). One difference between
LES23/SLM1 and RIN4/RPS2 is that RIN4 interacts with RPS2 via the C-terminus of RIN4
whereas LES23 appears to interact with SLM1 via its N-terminus. The fact that LES23-ref fails
to interact with SLM1-Va35 appears to be due to its loss of a proline residue. Sun et al. have
suggested that the N-NOI domain of RIN4 contains polyproline helices (PPII) (Sun et al. 2014).
Polyproline helices are short, only 3-5 amino acids long, that predominately contain proline,
glycine, glutamine, and asparagine. They span 9.3 Å per turn which is longer than the 5.4 Å per
turn found in normal α-helices. This causes the amino acid side chains to be too far apart to form
the intramolecular interactions found in α-helices. Instead, PPII helices have their sidechains
facing outwards which makes them ideal for protein-protein interactions (Adzhubei et al. 2013).
The substitution of a leucine for a proline in LES23-ref may disrupt a PPII helix and weaken or
prevent interaction with SLM1.

Figure 2.22: Model of LES23/SLM1.
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The localization of LES23 is similar to RIN4 as well. RIN4 localizes to the plasma
membrane (Takemoto & Jones 2005) while LES23 appears to be localized at the plasma
membrane (Figure 2.20). We cannot say for certain as our resolution wasn’t fine enough to
distinguish the cytoplasm from the plasma membrane. While RPM1 and RPS2 localize to the
plasma membrane (Boyes et al. 1998; Axtell & Staskawicz 2003) and RPM1 has been shown to
stay at the plasma membrane upon activation (Gao et al. 2011), SLM1 appears to be distributed
in the cytoplasm/plasma membrane and the nucleus. Several other NLRs such as RPS4, N,
SNC1, and RP1-D21 have been shown to be localized to both the cytoplasm and the nucleus
(Wirthmueller et al. 2007; Zhu et al. 2010; Hoser et al. 2013; Wang & Balint-kurti 2015) and
nuclear localization is often necessary and sufficient for cell death induction. However, RP1-D21
requires both nuclear and cytoplasmic localization in order to induce HR (Wang & Balint-kurti
2015). It remains to be seen whether SLM1 requires a similar distribution for HR.
RIN4 has been found to be phosphorylated at T21, S141, S160, and T166 (Chung et al.
2011; Liu et al. 2011; Chung et al. 2014). Phosphorylation of S141 is important for activating
RIN4’s functions in PTI while phosphorylation of T21, S160, and T166 are induced by avrB and
avrRpm1 to repress PTI (Chung et al. 2011; Liu et al. 2011; Chung et al. 2014). While T21 and
T166 are conserved in LES23, S141 and S160 are not. The lack of S141 suggests that LES23
either does not function in PTI or uses a different mechanism to initiate PTI than RIN4.
Furthermore, a phosphoproteome study of maize proteins in different tissues detected
phosphorylation of M141, T143, T157, and S205 but not T21 and T166 in the LES23 protein
(Walley et al. 2016). It should be noted that the maize plants used in the study had not be
subjected to biotic stress, so it is unknown whether T21, T166, or any other residues in LES23
may be phosphorylated during biotic stress.
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RIN4 contains two cleavage sites: RCS1 and RCS2 which have a consensus sequence of
VPxFGxW and is similar to the cleavage site in avrRpt2 (Chisholm et al. 2005). Of these
residues, the phenylalanine appears to be the most important as its mutation abolishes processing
of avrRpt2 (Chisholm et al. 2005). LES23 contains both RCS1 and RCS2 so it is likely that it
could be cleaved by avrRpt2. If LES23 was cleaved, this would likely disrupt its interaction with
SLM1 and cause activation of SLM1.
In conclusion, we have demonstrated that les23 is an autoimmume mutant. The lesions
associated with this recessive mutant are due to Slm1, which encodes for an autoactive NLR
which is normally kept inactive by Les23.
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CHAPTER 3: SLM1 CONTAINS A CANONICAL NLR STRUCTURE AND
EXHIBITS LARGE DIVERSITY IN THE NAM FOUNDERS

Introduction
NLRs typically contain three domains: a N-terminal CC or TIR domain, a NBARC
domain, and a C-terminal LRR domain. Each of these domains have been found to play
important roles in regulating NLR activity. The CC/TIR domain has been found to be important
for NLR homo/hetero dimerization such as in MLA10 (Maekawa et al. 2011), RPS4/RRS1
(Williams et al. 2014), Rx/RanGAP2 (Hao et al. 2013), Sr33 (Casey et al. 2016), and Rp1-D21
(Wang, Ji, et al. 2015). For these NLRs, the CC/TIR domain alone or the CC/TIR domain + a
couple additional amino acids are sufficient to induce cell death. The NBARC domain has been
proposed to act as a molecular switch. It normally binds ADP, which keeps it in an inactive state.
Upon effector recognition, the ADP is exchanged for ATP and the NLR undergoes an
intramolecular conformation change to become active (Cui et al. 2015). The NBARC domain
contains several conserved motifs important for NLR regulation. The P-loop is involved in ATP
binding and mutations in the P-loop often lead to loss of ATP binding and loss of NLR activity
(Bendahmane et al. 2002; Tameling et al. 2002; Tornero et al. 2002; Tameling et al. 2006).
Mutations in the aspartate residue in the MHD motif often leads to autoactivation (Bendahmane
et al. 2002; van Ooijen et al. 2008).The NB domain alone has been shown to be sufficient for HR
induction in at least one NLR: Rx (Rairdan et al. 2008).The LRR domain has been found to play
an inhibitory role in NLR activation. In RPS5, deletion of the LRR domain causes RPS5 to
become autoactive (Ade et al. 2007) and substituting the LRR domain of RPS5 with the LRR
domain of RPS2 similarly causes autoactivation (Qi et al. 2012). In Rx, random mutagenesis
found autoactive mutants containing mutations in the LRR domain (Bendahmane et al. 2002).
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The LRR domain can also directly interact with effectors as in the case of RPP1 and ATR1
(Krasileva et al. 2010).
Here we report that SLM1 encodes a canonical NLR, containing all typical domains and
motifs. We demonstrate through transient expression of SLM1 domains in N. benthamiana that
none can induce HR on their own or when co-expressed together. We next test the functionality
of Slm1-B73 by a cross to les23-ref. Finally, we report the large sequence diversity in SLM1 in
the NAM founders and the identification of four new truncated alleles of SLM1 in seven NAM
lines.
Materials and Methods
SLM1 Structure Analysis
The amino acid sequence of SLM1-Va35 was submitted to NCBI’s protein domain prediction
site: https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi. SLM1-Va35 and SLM1-Mo20W
sequences were aligned using Clustal Omega (Goujon et al. 2010; Sievers et al. 2011):
http://www.ebi.ac.uk/Tools/msa/clustalo/. Motifs were identified based on consensus sequences
provided in the literature (Meyers et al. 1999; Rairdan et al. 2008).
Generation of Slm1 fragments constructs
Slm1 fragments were cloned from full length Slm1 in the pENTR™/D-TOPO™ vector using the
following primers: Slm1 18-135 FP (CACCATGGGTGCCGTGAAGGAGAG)/ Slm1 18-135
RP (TCACACGCTCTCCAGCCTCCGGTTC), Slm1 181-470 FP
(CACCATGATCGAGGAGGACGGGAA)/ Slm1 181-470 RP
(TCAATCCTCTTGTACAAACCCCTCGG), Slm1 186-322 FP
(CACCATGAACAGGCTGGTGGAGGC)/ Slm1 186-322 RP
(TCAGACGAGCACCCTGCTGCCAC), Slm1 560-1066 FP
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(CACCATGCCTAAGCTGCGACTG)/ Slm1 560-1066 RP
(TTAGGACTTTGCAACTTCAAATATTTCG), Slm1 1-120 FP
(CACCATGGCTATGATCCTAGACGCCTT)/ Slm1 1-120 RP (TTAGGCGTGAGCGAGCG),
Slm1 1-135 FP (CACCATGGCTATGATCCTAGACGCCTT)/ Slm1 1-135 RP
(TCACACGCTCTCCAGCCTCCGGTTC), Slm1 1-160 FP
(CACCATGGCTATGATCCTAGACGCCTT)/ Slm1 1-160 RP
(TTATGCCGGTGGTAGTTGCT).
The PCR fragments were gel purified using ZymocleanTM Gel DNA Recovery Kit following the
kit’s instructions. The purified fragments were cloned into the pENTR™/D-TOPO™ vector and
transformed into TOP10 cells as described in chapter 2. Single colonies were selected for colony
PCR using M13F/R primers. Colonies with the appropriately sized bands were sent for
sequencing at the Purdue Genomics Center. Good colonies were cultured overnight at 37℃ in 5
mL of LB with 5 µL of kanamycin. Plasmids were purified from the cultures as described in
chapter 2. The Slm1 fragments were cloned into pGWB2 vectors via a LR reaction and then
transformed into Agrobacterium. For Western blot, Slm1 fragments were cloned into the
pGWB14 vector containing a C-terminal 3xHA tag.
Transient Expression of Slm1 fragments
Agrobacterium containing Slm1 fragments was grown for 2 days in 5 mL of LB with 5 µL of 50
mg/mL kanamycin, 5 µL of 50 mg/mL gentamycin, and 5 µL of 50 mg/mL rifampicin. The
Agrobacterium was transferred to 50 mL falcon tubes and centrifuged for 10 min. at 5000 RPM.
The supernatant was poured off and the cells resuspended in 10 mM MES buffer pH 5.6, 10 mM
MgCl2, and 100 µM acetosyringone. The tubes were left at room temperature for at least 3 hours
before infiltration. N. benthamiana plants were grown in the greenhouse or growth room set at
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23°C for around one month before infiltration. After infiltration, the plants were left at 23°C
under bright light. Pictures of the plant leaves were taken 2-3 days after infiltration.
Western Blot
Six leaf discs were taken 29 hours post-infiltration and placed in a 1.5 mL microcentrifuge tube.
These tubes were immediately frozen in liquid nitrogen and the leaf discs were ground into
powder. 150 µL of protein extraction buffer [20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM
EDTA (pH8.0), 1% Triton X-100, 0.1% SDS, 10 mM DTT, 40 μM MG132, and 1× plant protein
protease inhibitor mixture (Sigma-Aldrich)] was added to each tube. Samples were centrifuged at
14,000g for 10 min. at 4°C. 150 µL of supernatant was mixed with 150 µL of 2x Laemmli buffer
and boiled at 95°C for 10 min. 30 µL was loaded onto a 10% Tris-glycine gel and run at 130 V
for 1 hour. Proteins were semi-dry transferred onto a nitrocellulose membrane at 20 V for 30
min. HA detection was performed using a 1:500 dilution of anti-HA-HRP (Roche 3F10). Films
were exposed for 5 min. and 5 hrs.
Testing Slm1-B73 functionality
les23-ref plants were crossed to B73 and F1 plants were selfed to generate a F2 population. 98
plants were genotyped for Les23 and Slm1 status using the following primers: Les23 dCAPs FP
(TTTGGGGATTGGGAAACCACTGGAAACACAG)/ Les23 dCAPs RP
(AAAGGGATTTCTAGCCCACATTCA) and Slm1 dCAPs FP
(ACACACCGGCTCTGTGGCCAAGAAAGCGG)/ Slm1 dCAPs RP
(TTGGGAACAGCATCCGAGGGTCTA). The PCR product of Les23 dCAPs primers was
digested with 0.5 µL of AluI (NEB) while the PCR product of Slm1 dCAPs primers was digested
with 0.5 µL of AvaII (NEB) following NEB’s instructions. The digested product was run on a
3% agarose gel for 1.5 hours.
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F2 plants were grown at the Agronomy Center for Research and Education (ACRE) in summer
2017 and scored for lesion development and severity once a week after lesions started to appear.
Nearby les23-ref plants were used as a phenotypic reference for lesion development and severity.
Sequencing NAM founders
NAM founder DNA was extracted as described in chapter 2. Slm1 was sequenced in the NAM
founders using the same primers listed in chapter 2.
Blasting Transposable Elements
The 142 bp insertion in CML 277, Ki3, Oh7B, and P39 was submitted to the maize transposable
element database: http://maizetedb.org/~maize/BLAST/ to determine if it was a transposable
element.
Testing Slm1-NAM functionality
CML 247, CML 277, Ki3, Mo18W, MS71, Oh7B, and P39 were crossed to les23-ref/Slm1Mo20W homozygous plants and CML 247, CML 277, Ki3, Mo18W, and Oh7B were crossed to
les23-ref/Slm1-Va35 homozygous plants. The resulting F1 plants were selfed to generate F2
populations. F2 plants of NAMs crossed to les23-ref/Slm1-Mo20W homozygotes were grown at
ACRE in summer 2016. F2 plants of NAMs crossed to les23-ref/Slm1-Va35 homozygotes were
grown at ACRE in summer 2016 and CML 277 x les23-ref/Slm1-Va35 was planted again in
summer 2017. Plants were scored for lesion development and severity once a week until
maturity. Nearby les23-ref plants were used as a phenotypic reference for lesion development
and severity. Statistical analysis was performed manually using a Chi-square test.
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Results
Structure of SLM1
We determined the domains of SLM1 by submitting its amino acid sequence to NCBI’s
conserved domain search. SLM1 was found to encode a canonical NLR with a CC, NB-ARC,
and LRR domain. Additionally, we identified several conserved motifs typically found in NLRs
such as: EDVID, P-loop, and MHD (Figure 3.1). It can be seen that the Mo20W allele is
truncated in the middle of the NB-ARC domain.

Figure 3.1: Amino acid sequence alignment of SLM1-Va35 and SLM1-Mo20W. The CC, NBARC, and LRR domains are highlighted and labeled in cyan, green, and yellow respectively. The
EDVID, P-loop, RNBS-A (Resistant Nucleotide Binding Site), Kinase 2, RNBS-B, GLPL,
RNBS-D, and MHD motifs are underlined and labeled. Identical amino acids are marked with an
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* while the residues after the CT insertion are marked in red. The position of the amino acids that
are mutated in SLM1-1 and SLM1-2 and is different in SLM1-B73 are highlighted in red.

Individual domains of SLM1-Va35 do not induce HR
Several studies have shown that individual domains of NLRs are sufficient to induce HR
(Ade et al. 2007; Rairdan et al. 2008; Swiderski et al. 2009; Bernoux et al. 2011; Maekawa et al.
2011; Wang, Ji, et al. 2015; Cesari et al. 2016). To test whether any SLM1 domains were
sufficient to induce cell death, we cloned and expressed several fragments of the CC domain, the
NBARC domain, and the LRR domain in N. benthamiana (Figure 3.2). None of the fragments
were found to induce HR. The lack of HR was not due to a lack of expression, at least for SLM1Va35 1-120, 1-135, and 1-160, as Western blot analysis showed bands albeit weak ones for 1120 and 1-135 (Figure 3.2C).
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A

Figure 3.2: Transient expression of SLM1 domains do not induce HR. (A) Constructs are as
follows: 1. pGWB2 Empty vector; 2. SLM1-Va35; 3. SLM1-Va35 18-135; 4. SLM1-Va35 181470; 5. SLM1-Va35 186-322; 6. SLM1-Va35 560-1066; 7. SLM1-Va35 18-135 + 181-470 +
186-322 + 560-1066; 8. SLM1-Va35. (B) Constructs are as follows: 1. pGWB15 empty vector;
2. SLM1-Va35-3xHA; 3. SLM1-Va35 1-120-3xHA; 4. SLM1-Va35 1-135-3xHA; 5. SLM1Va35 1-160-3xHA. (C) Western blot of the constructs in (B) indicate the SLM1 fragments are
expressed. Ponceau S stain shows equal loading. The numbers following SLM1-Va35 indicate
the amino acids in that construct. 7 in (A) was co-expressing constructs 3-6 together.
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Slm1-B73 is Functional
The B73 allele of Slm1 differs from the Va35 allele by one amino acid. This variation is
in the LRR domain near where the two non-functional EMS alleles slm1-1 and slm1-2 are
located. Therefore, it raised the question of whether the B73 allele of Slm1 was functional. To
answer this question, we crossed les23-ref to B73 and generated a F2 population. After
genotyping and phenotyping all the plants, we found that Slm1-B73 is indeed functional (Figure
3.3). Unlike Slm1-Mo20W, plants homozygous for Slm1-B73 still developed lesions and the
lesion severity in plants with Slm1-B73 was identical to the severity in plants with Slm1-Va35.
However, we observed that plants with a B73 allele developed lesions later than plants with only
the Va35 allele. Therefore, it’s possible that the B73 allele is weaker than the Va35 allele.

Figure 3.3: Slm1-B73 is a functional allele. les23-ref plants with one (middle) or two (right)
copies of Slm1-B73 still develop lesions.

Slm1 Diversity in the NAM Founders
As three different inbred lines contained three different alleles of Slm1, we wondered
how diverse Slm1 was. We sequenced Slm1 in the 25 NAM founders and found that there was
large variation in the sequence. While six lines (B97, CML 103, IL14H, M162W, NC350,
Tx303) have the B73 sequence of Slm1, seven lines (CML 247, CML 277, Ki3, Mo18W, MS71,
Oh7B, P39) encode for a truncated Slm1 (Figure 3.4). The remaining 12 lines all contain various
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SNPs and/or small indels (Table 3.1). Among the seven truncated Slm1s, Mo18W has the same
sequence as Mo20W and MS71 has a G529T SNP which creates a stop codon. CML 247
contains a 268 bp deletion that creates an in frame stop codon at position 1504. CML 277, Ki3,
Oh7B, and P39 all have a 142 bp insertion near the ATG start site which contains a stop codon.
The insertion is nearly identical except for one base pair difference in CML 277 which results in
one different amino acid. Blasting the 142 bp insertion sequence revealed it to be a transposon:
DTH_ZM00076_consensus. As can be seen in Figure 3.4A, CML 277, Ki3, Oh7B, and P39 only
share the first 5 amino acids in SLM1 and do not even contain the CC domain. SLM1-MS71
contains the complete CC domain and SLM1-CML247 contains the entire CC and NBARC
domain.
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Figure 3.4: Protein sequence alignment of SLM1 alleles from seven NAM founders. Teal color
indicates the CC domain and green color indicates the NBARC domain.

Table 3.1. List of variations and their positions in SLM1 in 12 NAM founders. The variations are
relative to the SLM1-Va35 allele.
Line
CML 52

Variation
A203T
T327S
G727D
V774A
K788E
H833R
T904P
T912A

Domain
NBARC
NBARC
LRR
LRR
LRR
LRR
LRR
LRR
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V1063F

LRR

R36K
Q83R
Q87, A88 deletion
R89S
A102, G103
E405A
M614L
G727D
V774A
E797H
T904P
T912A
R914K
V1063I

CC
CC
CC
CC
CC
NBARC
LRR
LRR
LRR
LRR
LRR
LRR
LRR
LRR

CML 228

E405A
M614L
G727D
V774A
E797H
T904P
T912A
R914K
V1063I

NBARC
LRR
LRR
LRR
LRR
LRR
LRR
LRR
LRR

CML 322

R36K
Q83R
Q87, A88 deletion
R89S
A102, G103

CC
CC
CC
CC
CC
NBARC
LRR
LRR

CML 69

E405A
M614L
G727D
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CML 333

HP301

V774A
E797H
T904P
T912A
R914K
V1063I

LRR
LRR
LRR
LRR
LRR
LRR

Q83R
A104S
V151G
P159T
A203T
T327S
N481D
A539T
M614L
G727D
V774A
K788E
H833R
T904P
T912A
V1063F

CC
CC

R36K
Q83R
Q87, A88 deletion
R89S
A102, G103
E405A
M614L
G727D
V774A
E797H
T904P

NBARC
NBARC
LRR
LRR
LRR
LRR
LRR
LRR
LRR
LRR
LRR
CC
CC
CC
CC
CC
NBARC
LRR
LRR
LRR
LRR
LRR
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T912A
R914K
V1063I

LRR
LRR
LRR

Q83R
R89S
V151G
P159T
G727D
V774A
K788E
T904P
T912A
R914K
V1063F

CC
CC

LRR
LRR
LRR
LRR
LRR
LRR
LRR

Ky21

G727D
V774A
K788E
T904P
T912A
R914K
V1063F

LRR
LRR
LRR
LRR
LRR
LRR
LRR

M37W

Q83R
Q87, A88 deletion
L202I
L262F
G727D

CC
CC
NBARC
NBARC
LRR

NC358

G727D
V774A
K788E
H833R
T904P

LRR
LRR
LRR
LRR
LRR

Ki11
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T912A

LRR

Oh43

Q83R
Q87, A88 deletion
L202I
L262F
G727D

CC
CC
NBARC
NBARC
LRR

Tzi8

G727D
V774A
K788E
H833R
T904P
T912A
V1063F

LRR
LRR
LRR
LRR
LRR
LRR
LRR

Truncated SLM1 alleles are not functional
To test whether these truncated SLM1 alleles were functional, we crossed the seven
NAM founders with les23-ref/Slm1-Mo20W double homozygote and generated F2 populations. If
the NAM alleles of SLM1 are indeed non-functional, we would not expect to see any lesioned
plants in the F2 generation (Figure 3.5, Table 3.2). We planted around 130 plants for each F2
population and did not observe any lesioned plants. Therefore, we conclude that the SLM1
protein in these seven NAM founders are not functional.
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Figure 3.5: Crossing scheme of NAM lines to les23-ref/Slm1-Mo20W. NAM refers to one of the
seven NAM founders with a truncated SLM1 (CML 247, CML 277, Ki3, Mo18W, MS71, Oh7B,
P39).

Table 3.2. List of all possible genotypes in the F2 given the cross in Figure 3.5.

Other Factors Affecting les23 Lesion Formation/Severity
We also crossed the seven NAM founders with les23-ref/Slm1-Va35 homozygotes and
generated F2 populations. As the NAM alleles of SLM1 were non-functional, we would expect
only one out of sixteen plants to develop lesions at a young stage and three out of sixteen plants
to develop lesions at maturity (Table 3.3). However, we observed an overabundance of lesioned
plants in the F2 populations at both young and mature stages (Figure 3.6). In addition, we found a
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large range of severity of lesions that we did not expect (Figure 3.7). The additional lesioned
plants and the range of severity of the lesions suggested additional factor(s) present in the NAMs
that are affecting lesion formation and/or severity.

Table 3.3. Genotypic possibilities in the F2 given a cross between NAMs and les23-ref. The
genotype highlighted in green is the only plant expected to develop lesions early on. The
genotypes highlighted in yellow are the two additional plants expected to develop lesions at
maturity.

Figure 3.6: Chi-square test of young plants (A) and old plants (B). The test statistic is greater
than the critical value 3.84 for both young and old plants.
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Figure 3.7: A range of lesion severity in CML 277 x les23-ref F2 population.

Discussion
SLM1 encodes for a canonical NLR and it contains a CC, NBARC, and LRR domain. It
also contains several conserved motifs found in NLRs. The CC domain has only one conserved
motif, the EDVID motif. This motif is important for the interaction between the CC domain and
the NBARC-LRR domains and mutation of amino acids in the EDVID motif results in loss of
function (Rairdan et al. 2008). It is interesting to note that while SLM1 behaves like RPS2 (see
chapter 2), SLM1 contains the EDVID motif (DDVLD) while RPS2 does not (Rairdan et al.
2008). In fact, none of the NAM lines which are not truncated have any mutations in the EDVID
motif. This suggests that there is selective pressure to keep the EDVID motif intact and that the
motif plays an important role in SLM1 function.
Several NLRs have CC domains which are sufficient to induce HR. However, it appears
that the CC domain of SLM1 is not sufficient to induce HR. There is a possibility that our
constructs simply did not contain the appropriate number of amino acids to induce cell death as
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different NLRs require different numbers of amino acids. For example, in Rx, the full length CC
domain comprising of amino acids 1-144 induces HR, but a truncated CC domain consisting of
amino acids 1-86 was also capable of inducing HR (Rairdan et al. 2008). In barley MLA10 and
wheat Sr33 and Sr50, only CC fragments between 142-160 amino acids induced cell death
(Casey et al. 2016). However, in SLM1, constructs of 1-135 consisting of the entire CC domain
and 1-160 which contains the CC domain plus 25 amino acids did not induce cell death. These
fragments are expressed and stable as they were detected on a Western blot (Figure 3.2C). The
NAM lines with truncated SLM1 provide additional support for the inability of SLM1 fragments
to induce HR. The NAM founder MS71 encodes for a SLM1 protein that contains the CC
domain plus 41 amino acids and it is non-functional. However, SLM1-MS71 is also missing two
amino acids in the CC domain (Q87, A88) which may affect its function. SLM1-CML247
contains the entire CC and NBARC domains but is also missing the same two amino acids in the
CC domain. One construct we have not checked is a full CC-NBARC fragment of SLM1-Va35.
The CC-NBARC fragment is the only fragment capable of inducing HR in RPS5 (Ade et al.
2007) and it is possible that this may be the case for SLM1 as well.
Several conserved motifs such as the P-loop (GAGGIGKT), RNBS-A
(FDLRVWVCVSQDV), kinase 2 (LLVLDDVW), RNBS-B (GSRVLVTTRK), GLPL
(VAGLPEE), RNBS-D (CFLHCSLFPKD), and MHD are all present in SLM1. Again, none of
the NAM founders with non-truncated SLM1 have any variation in these motifs, suggesting
strong selective pressure to keep these motifs intact. This is not surprising as mutations in several
of these motifs (P-loop, RNBS-D, MHD) have resulted in either loss of function or autoactivity
(Tao et al. 2000; Bendahmane et al. 2002; Tornero et al. 2002; Zhang et al. 2004). Most of the
variation is found in the CC or LRR domains and it is unknown whether these differences affect
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SLM1 function. If SLM1 is similar to RPS2, then they will likely have an effect as RPS2 has
been found to be intolerant of even minor deletions (Tao et al. 2000) and the difference of 2-4
nucleotides that result in amino acid changes is sufficient to create non-functional proteins
(Caicedo et al. 1999).
In several NLRs, deletion or mutation of residues in the LRR domain results in
autoactivation in Rx and RPS5 (Bendahmane et al. 2002; Ade et al. 2007). However, for SLM1,
the two non-functional alleles that we found (slm1-1, slm1-2) contained mutations in the LRR
domain. SLM1-B73 also contained a SNP in the LRR domain (G727D) and appeared to be
slightly weaker than SLM1-Va35 based on the delayed lesion formation. Interestingly, all the
NAM founders besides MS71 share the G727D variation. Our results suggest that SLM1
autoactivity can be regulated by the LRR domain similar to other NLRs, but because SLM1 is
normally autoactive, mutations in the LRR domain inhibit autoactivity.
It is surprising that four highly diverse NAM lines: CML 277, Ki3, Oh7B, and P39 share
a 142 bp transposon insertion in the exact same location of Slm1. CML 277 is from Mexico, Ki3
is from Thailand, Oh7B is from Ohio, and P39 is a sweet corn from Indiana. The rest of the
coding sequence of Slm1 does differ between these four lines with several SNPs and Oh7B
containing a 129 bp transposon (DTH_ZM00434_consensus) insertion near the 3’ end.
Despite SLM1 encoding a NLR, we do not know what it confers resistance to. The
closest hits in Arabidopsis (AT3G14470) and sorghum (Sb01g011600) are an uncharacterized
NLR. Casual observation in the field over several years did not show any obvious resistance in
les23-ref plants or susceptibility in les23-ref/Slm1-Mo20W plants. Trial experiments infecting
les23-ref and les23-ref/Slm1-Mo20W plants with Goss’ Wilt did not show any difference in
susceptibility (Data not shown).We checked several NAM QTL mapping studies for resistance to
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gray leaf spot (Benson et al. 2015), southern leaf blight (Bian et al. 2014), northern leaf blight
(Poland et al. 2011), and Fusarium ear rot (Zila et al. 2014), but did not find any QTLs near the
position of Slm1 or Les23. Furthermore, NAM lines with truncated, non-functional SLM1 were
not necessarily more susceptible to the above diseases. It may be that whatever pathogen SLM1
confers resistance to is simply not present in West Lafayette, IN. But this seems unlikely as
several NAM lines from many different locations do not have functional SLM1 and they do not
appear to be susceptible to any common pathogen either.
Another possibility is that Slm1 may be functionally redundant with another unknown
NLR. If Slm1 and another NLR both confer resistance to the same pathogen, then losing Slm1
will not necessarily result in increased susceptibility because the other NLR is still functional. A
third possibility is that whatever effector SLM1 recognizes has been lost by the pathogen,
relieving selection pressure on SLM1. The large variation in SLM1 and the fact that both tropical
and temperate maize lines have lost SLM1 supports this hypothesis. This large variation is not
unique to SLM1, as Arabidopsis RPS2 has been shown to contain large variation among
ecotypes as well with some ecotypes encoding for non-functional RPS2 alleles (Caicedo et al.
1999). We are currently generating material to test whether the 12 NAM lines without
truncations are functional.
It is interesting that the 7 NAMs with truncated SLM1 produce more lesioned plants than
expected when crossed to les23-ref. The range of severity of the lesions also suggests that there
are additional, unknown factors affecting lesion formation. One of these factors may be Les23like 1 (Ltl1), which will be described in detail in the next chapter.
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CHAPTER 4: A HOMEOLOG OF LES23, LTL1, EXHIBITS UNEQUAL
FUNCTIONAL REDUNDANCY IN SUPPRESSING SLM1

Introduction
Plants have evolved a two-branched immune system to defend themselves from pathogen
attack (Jones & Dangl 2006). These two branches consist of PAMP-triggered immunity (PTI)
and Effector-triggered immunity (ETI). Arabidopsis RIN4 is a well-studied protein that is
involved in both branches of plant immunity. It has been shown to be involved in PTI (Chung et
al. 2014), and is targeted by four different effectors and guarded by two different NLRs (Mackey
et al. 2002; Axtell & Staskawicz 2003; Mackey et al. 2003; M. G. Kim et al. 2005; Wilton et al.
2010). RIN4 contains two Nitrate Induced (NOI) domains and C-terminal cysteine residues. NOI
domain containing proteins are found throughout the plant kingdom from mosses to angiosperms
(Afzal et al. 2013). Despite the name, no link has been found between NOI-domain containing
proteins and nitrogen metabolism.
RIN4 homologs are also found among many different plant species with many species
containing multiple copies of RIN4 (Afzal et al. 2013). For example, soybean contain four copies
of RIN4 (Selote & Kachroo 2010; Kessens et al. 2014) and lettuce has two transcripts of RIN4
(Jeuken et al. 2009). Similar to Arabidopsis RIN4, RIN4 homologs in soybean (Selote & Kachroo
2010), lettuce (Jeuken et al. 2009), tomato (Luo et al. 2009), and now maize (Chapter 2) have
been implicated in defense. We have shown in chapter 2 that Les23 is a maize homolog of RIN4
and that it interacts with and suppresses an autoactive NLR Slm1. In this chapter, we demonstrate
that maize also contains four les23-like (Ltl) genes, of which Ltl1 is likely a homeolog of Les23
which shows unequal redundancy and is capable of suppressing SLM1-mediated cell death in N.
benthamiana.
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Materials and Methods
Plant Material
Plants homozygous for les23-ref and segregating for Slm1 (Va35 and Mo20W alleles) and ltl1ref were planted at the ACRE farm. A plant of the genotype les23-ref/les23-ref; Slm1Va35/Slm1-Mo20W; ltl1-ref/Ltl1-Va35 was crossed onto B73. The F1 was planted in the
greenhouse and a plant without the Slm1-Mo20W allele and containing ltl1-ref was selfed. The
resulting F2 population was segregating for les23-ref, Slm1 (Va35 and B73 alleles), and ltl1-ref.
Plants were phenotyped and genotyped as described below.
Sequencing and Cloning Ltl1
Ltl1 gDNA was sequenced using the following primers: Ltl1 F1
(CGCGCACTCTGCAAGAAGGA)/ Ltl1 R1 (TCCTGTGGTTTCCCAATCCT), Ltl2 F2
(AAAGCTACCGATTGATCTGC)/ Ltl2 R2 (GTGACAACCTATCGTCCCTT), Ltl1 F3
(CCTGAAGAAGTGGCTGTACC)/ Ltl1 R3 (GAATTTGGCAATAAAGTTACCC), Ltl1 F4
(GTCCAGCCTGTCCAGCTATG)/ Ltl1 R4 (GGGAGCACAATTTCGTTTCCT), Ltl1 F5
(ATGTCAGCATGTATCATAGAC)/ Ltl1 R5 (ACTGAAGGATAGTAAGGTGC), and Ltl1 F6
(ATCCTCACAGAGAACAAGGG)/ Ltl1 R6 (GAATTTTCAACTTTACTGTGGA).
Ltl1 cDNA was cloned using Ltl1 F1G
(CACCATGGCGCAACCTGAAATTCCTGCATTTGA)/ Ltl1 R1G
(TCAAAGTATGCAGCAAGAACATTTCTGTTG).
ltl1-ref was cloned using site-directed mutagenesis of Ltl1 in pENTR™/D-TOPO™ vector. The
following primers were used: Ltl1-ref F1 (GGAAACACCCTTTACACACAAAAG)/ Ltl1 R1G
(TCAAAGTATGCAGCAAGAACATTTCTGTTG) and Ltl1-ref F2
(CACCATGGCGCAACCTGAAATTCCAGCAT)/ Ltl1 R1G
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(TCAAAGTATGCAGCAAGAACATTTCTGTTG). Subsequent cloning steps were identical to
those described in previous chapters.
Co-segregation Analysis
Les23 and Slm1 were genotyped as described in chapter 3. ltl1-ref was genotyped using dCAPs
primers ltl1-dCAPs F1 (GCATTTGAGGATTGGGAAACCACAGGAAACACCG)/ ltl1-dCAPs
R1 (ATTGAAAAACTTAAGGATAGTAAGGTGCTA). The PCR product was digested with
0.5 µL of AciI (NEB) following the instructions from NEB. Plants were phenotyped weekly after
lesion formation and scored on severity on a 1-5 scale with 1 = WT and 5 = most severe lesions.
Cloning Ltl2 and Ltl3
Ltl2 cDNA was cloned using Ltl2 F1 (CACCATGGCCCATCAAGGACCAGG)/ Ltl2 R1
(TCAGTTCCTGAACCAACTGAAGC). Ltl3 cDNA was cloned using Ltl3 F1
(CACCATGGCTGGTAATAATGGTGGGA)/ Ltl3 R1 (TCAAAACAACCCACAGCATTT).
Sequence Alignment
Amino acid sequence alignments were done using Clustal Omega (Goujon et al. 2010; Sievers et
al. 2011). % identity of LTL proteins to LES23 was found by submitting sequences to NCBI:
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&BLAS
T_SPEC=blast2seq&LINK_LOC=blasttab.
Phylogenetic Analysis
The amino acid sequences predicted from whole-genome sequences of plants that were similar to
LES23 (GRMZM2G027272) were obtained using a threshold score from Inparanoid (O’Brien et
al. 2005) obtained from Phytozome (v11) (Goodstein et al. 2012). Sequences with a Dual Affine
Smith-Waterman alignment score greater than 170 were deemed sufficiently similar to LES23 to
construct a phylogenetic tree. This identified 120 amino acid sequences from 44 taxa, all of
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which were obtained via BioMart (Smedley et al. 2015) and aligned using ClustalW (v2.1)
(Larkin et al. 2007), as implemented within Mesquite (v3.03) (Maddison & Maddison 2015).
Notably this cutoff included RIN4 from Arabidopsis, but did not include the nearest paralog
from Arabidopsis. Similarly, the maize LES23 paralogs LTL1, LTL2, and LTL3 were included
but the LES23 paralog LTL4 sequence was insufficiently conserved to meet these criteria. An
approximate maximum-likelihood tree was created using FastTree (v2.1.7) (Price et al. 2010),
used as a starting tree by MrBayes (v3.2.5) (Ronquist et al. 2012) to infer a Bayesian Markov
chain Monte Carlo consensus tree using a GTR+I+r model with a variable partition rate, and
allowed to run for 10 million generations. The consensus phylogenetic tree was rendered by
Dendroscope (v3.5.7) (Huson et al. 2007) using the Physcomitrella patens and Sphagnum fallax
taxa as the outgroup.
Transient Expression in N. benthamiana
Agrobacterium containing relevant plasmids was grown for 2 days in 5 mL of LB with 5 µL of
50 mg/mL kanamycin, 5 µL of 50 mg/mL gentamycin, and 5 µL of 50 mg/mL rifampicin. The
Agrobacterium was transferred to 50 mL falcon tubes and centrifuged for 10 min. at 5000 RPM.
The supernatant was poured off and the cells resuspended in 10 mM MES buffer pH 5.6, 10 mM
MgCl2, and 100 µM acetosyringone. The tubes were left at room temperature for at least 3 hours
before infiltration. N. benthamiana plants were grown in the greenhouse or growth room set at
23°C for around one month before infiltration. After infiltration, plants were left at 23°C under
bright light. Pictures were taken 2-3 days after infiltration.
Western Blot
Three leaf discs were taken 30 hours post-infiltration and placed in a 1.5 mL microcentrifuge
tube. These tubes were immediately frozen in liquid nitrogen and the leaf discs were ground into
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powder. 200 µL of protein extraction buffer [20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM
EDTA (pH8.0), 1% Triton X-100, 0.1% SDS, 10 mM DTT, 40 μM MG132, and 1× plant protein
protease inhibitor mixture (Sigma-Aldrich)] was added to each tube. Samples were centrifuged at
14,000g for 10 min. at 4°C. 25 µL of supernatant was mixed with 25 µL of 2x Laemmli buffer
and boiled at 95°C for 10 min. 25 µL was loaded onto a 10% Tris-glycine gel and run at 120 V
for 1.5 hours. Proteins were semi-dry transferred onto a nitrocellulose membrane at 20 V for 30
min. HA detection was performed using a 1:2000 dilution of anti-HA (Thermo Scientific product
# 26183) and a 1:3000 dilution of secondary mouse antibody (Cell Signaling Technology
product #7076). Films were exposed for 1 min., 5 min., or 5 hrs.
Results
Identification of Maize Ltl Genes
Blasting the amino acid sequence of LES23 found four similar genes
(GRMZM2G097662, GRMZM2G012229, GRMZM2G703858 and GRMZM2G320705) that we
named Ltl1-4. Ltl1 is on chromosome 10, Ltl2 is on chromosome 5, Ltl3 is on chromosome 4,
and Ltl4 is on chromosome 1. Aligning the amino acids sequences of these genes with LES23
found that only LTL1 is highly similar to LES23, differing by only 28 amino acids and
containing no sequence alignment gaps (Figure 4.1, Table 4.1). Despite LTL2-4’s low similarity
to LES23, all four LTLs were found to contain the conserved proline residue mutated in LES23ref. In addition, they all contain the RCS1 (RIN4 Cleavage Site) and RCS2 sequence which are
recognized by avrRpt2 and cleaved (Chisholm et al. 2005; Kim et al. 2005). avrB and avrRpm1
can induce phosphorylation of RIN4 at T21, S160, and T166 by recruiting the endogenous plant
protein RIPK (RIN4-interacting protein kinase) (Chung et al. 2011; Liu et al. 2011).
Phosphorylation of T166 is necessary for RPM1-mediated HR (Chung et al. 2011). Both T21 and
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T166 are conserved in LES23 and all the LTLs but S160 is not. RIN4 can also be phosphorylated
at S141 and this phosphorylation is important for relieving RIN4 inhibition of PTI (Chung et al.
2014). Notably, S141 is not conserved in LES23 or the LTLs.
As LTL1 is found on chromosome 10 and LES23 is found on chromosome 2, LTL1 is
likely a homeolog of LES23 (Gaut 2001). Phylogenetic analysis revealed that LES23 and LTL1
are the closest to Arabidopsis RIN4 while LTL2 and LTL3 are more distantly related (Figure
4.2). LTL4 was not represented due to insufficient sequence conservation. We sequenced LTL1
in Mo20W, Va35, and les23-ref and found that they are identical to each other but differ from
LTL1-B73 by four amino acids (Figure 4.3).
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Figure 4.1: Protein Alignment of RIN4, LES23, and LTL1-4. The proline residue mutated in
LES23-ref is highlighted in yellow. RIN4 Cleavage Sites (RCS) are highlighted in green.
Residues known to be phosphorylated in RIN4 have red font.
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Table 4.1. % Similarity of LTL1-4 to LES23
% Identity to
LES23
LTL1
LTL2
LTL3
LTL4

88%
35%
29%
27%
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Figure 4.2: Phylogenetic tree of genes similar to LES23 in 44 species.
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Figure 4.3: Sequence alignment of LTL1 in B73, Mo20W, Va35, and les23-ref. Residues that
differ between B73 and Mo20W/Va35/les23-ref are highlighted in yellow.

ltl1-ref Effect on les23 Phenotype
When we were generating new alleles of Slm1 using EMS mutagenesis, we noticed four
plants (1, 2, 3, 4) that had a normal les23 phenotype. Based off our cross (Figure 4.4), this should
have been impossible.
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Figure 4.4: Crossing scheme for generating new alleles of Slm1 using EMS. les23-ref/Slm1-Va35
homozygous pollen was treated with EMS and crossed onto les23-ref/Slm1-Mo20W ears. If EMS
hit Slm1, the plant should be phenotypically WT. If EMS did not hit Slm1, the plant should have
an intermediate phenotype.

These four oddities were sib-mated onto intermediate plants and the progeny of 1, 2, and
4 were phenotypically evaluated. We tagged five plants in each group that had been phenotyped
as WT, normal les23, severe les23, intermediate, or severe intermediate. We initially checked the
Slm1 status in these plants and found that all were as expected given their phenotype except for
two plants: one from the progeny of plant 1 and one from the progeny of plant 4. These two
plants were heterozygous for Slm1 (Va35 and Mo20W alleles), but had a normal les23
phenotype when they should have had an intermediate phenotype. Due to LTL1’s similarity to
LES23, we wondered if it could affect the les23 phenotype. We sequenced Ltl1 in the two
abnormal plants and found that they both contained a C to T transition in heterozygous condition
(henceforth referred to as ltl1-ref) (Figure 4.5A). Remarkably, this transition was in the exact
same position as in les23-ref. As Les23 and Ltl1 are so similar in sequence, there was a
possibility that we had accidentally sequenced les23-ref instead of Ltl1. To confirm we
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sequenced the correct gene, we examined the chromatogram (Figure 4.5B). Ltl1 differs from
Les23 at two positions near the mutation site. While the mutation site has a double peak
characteristic of heterozygosity, the positions nearby all have single peaks that correspond to Ltl1
and not Les23. Therefore, we were confident that we had sequenced Ltl1 and not Les23 and this
C to T transition was genuine.

Figure 4.5: ltl1-ref contains an identical mutation to les23-ref. (A) Sequence alignment of Ltl1.
The C to T transition is highlighted in yellow. (B) The C to T transition in ltl1-ref is not the
result of sequencing les23-ref by mistake. Arrows indicate nucleotide positions that differ
between Les23 and Ltl1 near the mutated base pair (highlighted in yellow). The chromatogram
shows a double peak at the highlighted position but only single peaks corresponding to Ltl1 at
the arrows.

To confirm that ltl1-ref had an effect on the les23 phenotype, we planted 135 progenies
from plant 1. These plants are segregating for Les23, Slm1, and Ltl1. Co-segregation analysis
found that ltl1-ref segregated perfectly with more severe phenotypes (Figure 4.6). Furthermore,
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this increase in severity was dependent on functional Slm1 as plants homozygous for Slm1Mo20W remained WT. Plants homozygous for les23-ref and Slm-Va35, and heterozygous for
ltl1-ref were noticeably shorter than les23-ref plants and either did not produce a tassel or
produced only a skeletal tassel with no anthers (Figure 4.7). They also did not produce an ear.

Figure 4.6: ltl1-ref increases the severity of the les23 phenotype and this effect is dependent on
functional Slm1. Pictures next to each other e.g. A and B, only differ in their Ltl1 genotype.
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Figure 4.7: A plant homozygous for les23-ref and Slm1-Va35 and heterozygous for ltl1-ref. The
severity of the lesions results in shorter plant which fails to produce a functional tassel and ear.

les23-ref/ltl1-ref Double Mutants are Almost Lethal
Given that ltl1-ref in a heterozygous state could make the les23 phenotype more severe,
we wondered what ltl1-ref in homozygous condition would do. Since plants homozygous for
les23-ref and Slm1-Va35 and heterozygous for ltl1-ref do not produce pollen or ears, we crossed
a les23-ref/les23-ref; Slm1-Va35/Slm1-Mo20W; ltl1-ref/Ltl1-Va35 plant with B73. In the F1, we
selected a les23-ref/Les23-B73; Slm1-Va35/Slm1-B73; ltl1-ref/Ltl1-B73 plant to self. We
genotyped and phenotyped 128 F2 plants and found that the les23-ref/ltl1-ref double homozygote
is severely stunted and remains in stasis for several weeks before dying (Figure 4.8). We didn’t
generate double mutants homozygous for Slm1-Mo20W, but we predict that they would be WT
as was shown with les23-ref homozygotes, ltl1-ref heterozygotes (Figure 4.6F).
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Figure 4.8: Phenotype of les23-ref/ltl1-ref double mutants. The arrow points to the double
mutant in the picture on the right.

Phenotype of ltl1-ref Alone
The F2 population containing les23-ref/ltl1-ref double mutants also gave us an
opportunity to determine if ltl11-ref has a phenotype in the absence of les23-ref. Plants that were
homozygous for WT Les23 and ltl1-ref did not develop lesions (Figure 4.9A), but plants that
were heterozygous for les23-ref and homozygous for ltl1-ref developed mild lesions late in the
season, after flowering (Figure 4.9B). These lesions resembled the mild lesion phenotype seen in
les23-ref homozygotes, Slm1-Mo20W heterozygotes.
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Figure 4.9: Phenotype of ltl1-ref homozygotes. (A) Plants homozygous for Les23 and
homozygous for ltl1-ref do not show any lesions. (B) Plants that are heterozygous for les23-ref
and homozygous for ltl1-ref do show mild lesions late in the season. A les23-ref leaf late in the
season is shown on the right as a comparison.

LTL1 can Suppress SLM1-Mediated Cell Death in N. benthamiana
Our results in maize indicated that LTL1 assists LES23 in keeping SLM1 quiescent as
knocking out LTL1 results in a more severe lesion phenotype. To further confirm this
hypothesis, we transiently expressed LTL1 and SLM1-Va35 in N. benthamiana (Figure 4.10).
Both the B73 and Va35 alleles of LTL1 were capable of suppressing SLM1-mediated cell death
but not LTL1-ref.
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Figure 4.10: LTL1 can suppress SLM1-mediated cell death. (A) Constructs are as follows: 1.
pGWB14 EV; 2. SLM1-Va35-3xHA; 3. 3xHA-LTL1-B73; 4. 3xHA-LTL1-Va35; 5. 3xHALTL1-ref; 6. SLM1-Va35-3xHA + 3xHA-LTL1-B73; 7. SLM1-Va35-3xHA + 3xHA-LTL1Va35; 8. SLM1-Va35-3xHA + 3xHA-LTL1-ref. (B) Western blot of LTL1 and SLM1. Numbers
correspond to the same constructs as in (A). The film was exposed for 5 hours. Ponceau S stain
shows equal loading.

LTL2 and LTL3 Cannot Suppress SLM1-Mediated Cell Death
Since LTL1 could suppress SLM1-mediated cell death, we next tested whether LTL2 and
LTL3 could also suppress SLM1-mediated cell death (Figure 4.11). We found that neither LTL2
nor LTL3 could suppress SLM1-mediated cell death. We were unable to clone Ltl4 and cannot
comment with certainty on its ability to suppress SLM1-mediated cell death.
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Figure 4.11: Neither LTL2 nor LTL3 can suppress SLM1-mediated cell death. Constructs are as
follows: 1. pGWB14 EV; 2. SLM1-Va35-3xHA; 3. SLM1-Va35-3xHA + 3xHA-LTL2-B73; 4.
SLM1-Va35-3xHA + 3xHA-LTL3-B73. The Western blot film was exposed for 5 hours.
Ponceau S stain shows equal loading.

Discussion
We have shown here that maize contains four similar genes to Les23 and that one of
them, Ltl1, can also suppress Slm1. In chapter 2, it was mentioned that LES23 shares none of the
phosphorylated residues with RIN4. A phosphoproteome study (Walley et al. 2016) found that
LTL1 was phosphorylated at S122, S149, and S205. LTL2 was found to be phosphorylated at
S13, S60, S64, T149, T165, S218. LTL3 was not found to be phosphorylated at all. LTL4 was
found to be phosphorylated at M43, S62, S73, M80, S81, Y86, S90, and S112. All four LTLs
contain T21 and T166, but only LTL2 contains S160 and none contain S141. Again, given the
importance of S141 in RIN4 for PTI, this suggests that the LTLs are not involved in PTI or have
a different mechanism for inducing PTI. Given how similar the sequences of LES23 and LTL1
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are, it is surprising that they share only one phosphorylated residue: S205. It remains to be seen
what function phosphorylation may play in LES23 and LTLs.
Soybean contains four RIN4-like genes and two of them, GmRIN4a and GmRIN4b, are
required for RPG1-B-mediated resistance (Selote & Kachroo 2010). Overexpression of
GmRIN4c and GmRIN4d in N. glutinosa found that they too were involved in RPG1-B-mediated
resistance (Kessens et al. 2014). The authors propose that the RIN4 isoforms in soybean may
function additively in basal defense where the absence of additional isoforms results in a more
robust defense induction. This appears to be the case with Les23 and Ltl1 as losing additional
copies result in more severe lesion phenotype and stunting of growth. However, it appears that
Les23 and Ltl1 show unequal redundancy (Briggs et al. 2006). In unequal redundancy, only
mutation of the ancestral gene results in a mutant phenotype while mutation of the duplicate gene
has no visible phenotype. But mutation of both genes results in an enhanced mutant phenotype
(Briggs et al. 2006). In our case, Les23 acts as the ancestral gene since its mutation results in a
lesion phenotype while Ltl1 is the duplicate which does not result in a phenotype on its own and
mutation of both Les23 and Ltl1 results in an enhanced lesion phenotype. LES23 is clearly the
stronger suppressor of SLM1 since even one copy of it is sufficient to delay lesion formation and
reduce lesion severity (Figure 4.9B). In contrast, even two copies of LTL1 cannot delay lesion
formation or severity as seen in the les23-ref mutant.
However, LTL1 is capable of completely suppressing SLM1-mediated cell death when
transiently expressed in N. benthamiana (Figure 4.10). One reason for this difference could be
that Ltl1 is under the control of a 35S promoter in N. benthamiana and thus may be expressed at
a higher level than normal in maize. One problem with this hypothesis is that the expression data
from MaizeGDB shows that Ltl1 is expressed at higher levels than Les23 in all tissues other than
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roots (Figure 4.12). But, it should be noted that the expression data is for B73 so the expression
of Les23 and Ltl1 may be different in Va35.

Figure 4.12: RNA-seq expression data of Les23 and Ltl1 in various tissues. Data was obtained
from MaizeGDB.

Since LTL1 can suppress SLM1-mediated cell death, we would expect it to interact
directly with SLM1 like LES23. Interestingly, in soybean, only GmRIN4b interacts with the NLR
RPG1-B, while GmRIN4a can interact with GmRIN4b (Selote & Kachroo 2010). Further studies
should test whether LTL1 interacts with SLM1 and whether LES23 and LTL1 interact.
It is interesting that the mutation in ltl1-ref affects the exact same proline residue as in
les23-ref. This provides additional evidence that this proline residue is critical for LES23 and
LTL1’s ability to keep SLM1 in check. Even though LTL1-B73 and LTL1-Va35 differ by four
amino acids, none of these differences affect its ability to suppress SLM1-mediated cell death.
But there are likely other factors that are important for keeping SLM1 quiescent as both LTL2
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and LTL3 contain the conserved proline residue and yet fail to suppress SLM1. Given that LTL2
and LTL3 fail to suppress SLM1, we speculate that they may be involved in suppressing a
different NLR, possibly one related to SLM1. SLM1, however, appears to be unique in the maize
genome as no duplicates were found (Song et al. 2015). On the other hand, LTL2 and LTL3 may
simply be decoys and no longer play any role in defense. This seems especially likely for LTL3
as it has undergone large deletions but its two RIN4 Cleavage Sites (RCS) are still remarkably
conserved. Therefore, it is possible avrRpt2 or other effectors can target this consensus site.
Indeed, this has been shown for tomato RIN4 which can be indirectly degraded by avrPto at the
same RIN4 cleavage site as avrRpt2 (Luo et al. 2009). This result suggests that many different
effectors have independently evolved the ability to degrade RIN4 in different plant species. An
interesting next step would be to determine if any maize pathogen effectors are capable of
degrading LES23 or LTL1.
Unfortunately, we were unable to clone Ltl4 so we cannot say for certain if it could
suppress SLM1-mediated cell death. But, given that it is the most distantly related to Les23/Ltl1
and neither LTL2 nor LTL3 could suppress SLM1, we hypothesize that LTL4 would not be
capable of suppressing SLM1. Sequencing positive colonies always gave a few SNPs in the
sequence even though we used a proof-reading Taq polymerase and occasionally there would be
an internal deletion that was always in the same area. These SNPs were in different positions in
different colonies so it wasn’t the result of an incorrect publicly available sequence. Furthermore,
sequencing the cDNA before ligation in the pENTR™/D-TOPO™ vector found no SNPs and no
internal deletion. We believe the difficulties in cloning Ltl4 were due to its sequence which is
highly repetitive and consists of 72% GC bases.
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In summary, we have shown that at least one other RIN4-like gene (Ltl1) can suppress
SLM1. More broadly, we have demonstrated that RIN4’s suppressive effect on autoactive NLRs
is conserved between dicots and monocots.
Future Directions
Our results show that the les23 phenotype is caused by activation of defense responses
due to the autoactive NLR Slm1. However, there are still many unknowns about the
Les23/Slm1/Ltl1 system. One major question relates to LES23’s function. Is it only involved in
keeping SLM1 quiescent or does it play additional roles such as repressing basal defenses like
RIN4? Phosphorylation of certain residues in RIN4 is important in regulating its role in PTI.
Since S141 is not conserved in LES23 and LTL1, this may suggest that LES23 and LTL1 do not
have functions in PTI. Of course, it is possible that a different residue could serve the same
purpose in LES23 and LTL1 and several residues have been found to be phosphorylated. It
seems that P19 is necessary for LES23’s ability to interact with SLM1 and keep it quiescent, but
it is apparent that there are other factors as LTL2 and LTL3 fail to suppress SLM1 despite
containing P19 and future studies can identify what sections of LES23/LTL1 are important for
interaction with SLM1. RIN4 has been shown to interact with many different proteins, and it is
possible that LES23 interacts with proteins other than SLM1. If so, identification of these
proteins may uncover additional information on the function of LES23.
The big question relating to SLM1 is whether it confers resistance to a particular
pathogen. A large screening of various pathogens on Slm1-Mo20W plants should provide an
answer to this question. Other important aspects of SLM1 also remain unknown. For example,
many NLRs dimerize in order to activate downstream signaling pathways, but we don’t know if
SLM1 dimerizes. The difficulty in detecting SLM1 on a Western blot may make testing this
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hypothesis a larger problem than it should be. NLR localization has also been shown to be
important for NLR activity and since SLM1 appears to localize both in the cytoplasm and
nucleus, attaching nuclear import and export signals to SLM1 would reveal whether one or both
locations are important for SLM1-mediated HR.
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